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ABSTRACT 
Beta-decay to, followed by alpha-particle deexcitation of) 
the following levels has been investigated: the 7. 656-Mev and 
lO.l .. Mev levels in el2 , the 8. 88.Mev, 9.59-Mev, and 9. 85-Mev 
levele in 0 16 , and the 5. 63 .. Mev and 5.80-Mev levels in Ne ZO . Groups 
of delayed alpha particles were observed only bom the fir st, second 
and fourth of these levela. The beta-unstable parent nuclei were 
formed through (d,p' reactions on all. N15 , and F19. after which 
the delayed alpha particles were observed for a period of time 
comparable to the half-life of the beta-decay process. The beta-
decay branching ratio to the 9. 59-Mev level in 0 16 was measured 
and is equal to (1.4!.. o. Z) • 10-5 corresponding to a log it 
(9.59) = 6.5 !.. O. Z. The beta-decay branching ratio to the 9.85-Mev 
level :was found to be less than 2.7 • 10-7 which corresponds to a 
,log ft (9. 85) ~ 7.2!.. O. 2. The ratio of the decay probabUity for 
alpha-particle emission to the total decay probability for the 8. 88-Mev 
r 
level was found to be T: ~ 6.6 • 10-5 • Thie results in a lower limit 
T , 
for the amplitude of the parity nonconserving term in the nuclear 
-s potential of F ~ 1. 5 • 10 • where the following quantities were used: 
2 .3 8a2 = 0.007 and r y = 10 ev. 
Alpha-particle emission was not observed from the 5.63.Mev 
level or the 5. SO-Mev level in Ne 20 . Limit s on the log ft value to 
these levels were obtained: log it (5. 63, ~ 8.0 ±. 0.5, log it (5. 80' ~ 
8.0 :t. o. 3. These large values for the log it are consistent with the 
aSSigned spin and parity of the levels involved in the beta-decay 
process. 
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I. INTRODUCTION 
A. General Type of Reaction 
The reactions inve.tigated in this aeries of research studies 
were the alpha-particle decay 01 selfconjugate nuclei, following 
12 16 formation of the nuclei by beta-decay. Excited atates in C • 0 • 
and Ne20 were inveatigated for alpha-particle decay. The excited 
state. were formed through beta-decay 01 a beta-unstable nucleus 
and the counting apparatus waa activated for a period of time com-
parable with the half-life for the beta-decay. In order to minimize 
the background during the experiment. the accelerated deuteron 
beam was turned off during the counting cycle. Thus the experi-
mental observations were cyclical with a period given by a few 
half -lives. "'0' of the parent nucleus. The parent beta-unstable 
nuclei were formed through (d. p) reaction. where the production 
and decay scheme is illuatrated below. 
A "'0 A. - -
U Z-l - V Z + fi + v + 02 (1) 
The target nuclei, u~:tI were Bll, ~R and F19; the remainder of 
the pertinent data is shown in Table I. 
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Table I 
VA 
Z 0 1 "'0 
E(VA., 
Z 
]'11' Oz °3 
el2 t.t38 ZOo 34 maec 7.656 0+ 5.7t3 0.278 t 
ot6 to.t 
(0+) 3.3 2..7 
0.2.75 7.35 aec 8.88 2- t.53 t.72 
9.59 t- 0.82 2.43 
Ne 20 
9.85 2+ 0.56 2.69 
4.374 tt.4 sec 5.63t 3- t.397 0.90t 
5.80 t- t.23 t.t 
B. Incentives 
Incentive for investigating these reactions stemmed from 
the desire to know the relative importance of different alpha-particle 
reactiona during the procea. of alpha-particle burnin, in -.tellar 
evolution. The energy developed from the helium-burning process 
is largely produced durtna that part of the atar' a life when it is a 
red giant. The lifetime of this process is very short on the stellar 
time scale and the mean cODveraion time for the helium-burning 
process has been estimated aa about 105 years (Salpeter 1957., b). 
During thia time roughly to% of the atar' e luminosity is assumed 
to be due to the helium-burning process. In addition to the prob-
lem of energy generatton in atellar systema. there exists also 
the problem of nucleoeynthe.is. that is, the creation of the 
varioue nuclei in their proper relative abundances. In order 
to determine the relative abundancea of nuclei it is nece.sary 
t 03 haa been measured as 0.278 ±. O. 004 Mev by (Cook 1957b). 
·3· 
to know in adGition to the simple nuclear crosa-sections the history 
of the material unCleI' conaieleration, e. g. terrestrial material. 
solar material. meteorite material. etc. One should know from 
what types of atars the material originated and throqh what type 
of environments the material has subsequently pas.ed. In aeneral. 
one attempts to determine an abundance by averaging over the 
material of a fairly large system 8uch aa the solar 8yatem. the 
Galaxy, 01" the universe. By poatulattng ceJ'tain phyaical mecha-
nisms and by u.1ng experimentally meaaured properties of nuclear 
reaction', an attempt ia made to fit the observed abundance with 
a model for the hi.tol'Y of the matedalin question that 18 con.b-
tent with the postulate a . A large amount of work haa been done in 
this field by E. M. Burbidse. Q. R. Burbtqe, W. A. Fowler and 
F. Hoyle and haa been described in two review articles (Burbidge 
1957) and (Fowler 1961). 
Additional incentive for pan of Wa work came from the 
posaibUity of determinln, an upper limit for the parity noncon.erv-
in, tenn in tnte:raudeon interactiona (Blin-Stoyle 1960) (Tanner 1957) 
(Wilkinaon 1958). The re,ular atrong interactton. which ia parity 
con.erving. is as.urned to have a pseudo-.emr coupling. of the 
form (v' It) where k ia the momentum tranaferred, and where v 
i. the nuclear spin vector. A p.eudo-scalar coupling by itseU 
would not be parity con.erving. However. for internucleon inter-
a~nK_ j: p.eudo-scalar cou.pling enter8 once for each verte" 
r; ~ \1' in the Feynman diagram and thu8 appears squared in 
the total intemudeon interaction. The strong interaction is therefore 
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parity conaenina. Now it ie conceivable that an internucleon inter-
&ction can proceed by the (V -A) type of weak coupling that has been 
;:::: :::::&Y y qh{Inlnt==~l:K::::in;:t::::nKx 
1\ l' 
is charac:teriaed by CV -A). Thie coupllnl live. riee, through the 
c roa. product V' A term. to a parity Donconserving term in the 
internucleon interaction. It will be assumed throuahout that the . 
total nuclear epin ia a ,ood quantum number &Ad that the matrix 
elementa between etate_ 01 cUUel'ent spin VUll_h. Conaider now the 
case of the 8. 88-Mev ca-, level in 0 16• This level i. strictly for-
bidden by epin and parity to decay by alpha-particle emieeion to 
the Il'Owui etate of ela. However, if there exists a weak inter-
+ nucleon interaction of the (V .. A) type one would expect nearby 2 
levele to mix with the Z- levelliviDa a po.itive parity admixture 
to the 8. 88-Mev level. Since we have con.iclered J as a good quan-
tum number, there wW be no mixing with etate. for which J_ Z. 
The 8. 88-Mev level would then be capable of d.excltina to the ground 
state of ell through alpha-particle emi •• ion with two unite of rela-
. tive Plulal' momentum between the ell and the alpha particle. 
ThiB decay ehowd be ob.el'Yable &. a particle group aupenmpo •• d 
on a .lowly varyinl bac:ql'Ound of alpha-particle decays from nearby 
levels. 
16 One can obtain an approximate wave fwlction for the 0 
ayatem by uama perturbation theory. The Hamiltonian for the 
ey_tom cao. be written .a the swn of the at rona interaction part, 
Ho' and the parity mlxiDa potential V. 
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H. H + V 
o 
The perturbed wave function is then liven to firat order by: 
(Z) 
(3) 
where +irreg are the wave functions of spin two levele with positive 
partty. "'re represents the unperturbed wave function for the 
o i . 
8. SS-Mev level, aDd B reg , irreg i. the matrix element of the Ham-
iltonian computed betweOD the 8. 88-Mev level and the spin two 
levele with positive parity. As a further approximation one may 
+ . 
consider only the nearest Z level because 01 the effect of the energy 
denominator. This give. ODe the following form for the wave func ... 
tion, equation 4. where 'brei representa the wave function of the 
<+rea IV I +irre,> 
'" = '" + E" E "'irrea (4) reg reg - irre, 0 
+ 
neare.t Z level. In order to compute the spectrum shape, one must 
compute the matrix element between this wave function. ~K for the 
initial state and the elZ + He 4 wave function. hereafter denoted as 
+ the 0 state. for the final state. The interaction operator that de-
scribes the alpha-particle emission can be expressed as a scalar 
. operator (liT)! where v Is the frequency with which the alpha-
particle strikes the n\1Cloar surface. and T is the probabUity of 
penetration. The matrix element for the transition between these 
(5) 
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initial and final states. is given by equation 5. This matrix element 
has two parts (one from the positive admixture to the 2- level in 0 16 
and the other from a negative admixture to the ground state of el2), 
and can be written as follows: 
M=rF(O+)<O-l· ,.1. >+F(.I.)<o+ ,.1. >] (vT)i (6) 
• irreg ~reg ~ reg ~irrel 
where 
<IJIreg 'V I IJIirreg> 
F(IJI) = E _ E. 
reg lrreg 
(7) 
and 
~b = E - E reg irreg 
The first term will be neglected because ~b in F(O+) is an order of 
magnitude larger than AE in F(IJI). The transition probality can be 
obtained from the" Golden Rule" and is proportional to the square 
of the above matrix element. By substituting equation 6 into the 
"Golden Rule". one obtains the following relationship for the decay 
probability from the 8. 8S-Mev state, 
(8) 
2 
where e
a 
is the dimensionless reduced width determined from Table 
VI, ra is the observed decay probability for alpha particle emis .. 
sion, and raW is the Wisner limit assuming uniform particle dis-
tribution in the nucleus, equations 13 and 20. For an educated guess 
2 . 
of the magnitude of F one may start with the coupling constant for (V .. A) 
coupling a8 computed for beta-decay G :: 1. Olx 10.5 (::: )2 (Feynman 
p 
1959) where m is the proton mass and m ia a mas. involved in the p 
coupling. F or lack of .. better as 8umption the pion mas s was used for m. 
In this cale the intensity of the parity nonconserving term is given by 
~ m " F· - 10-10 (......!.) =". 10.14 
mp 
(9) 
The experimental me.aurementa do not yield r (I but rather an upper 
r 
limit on ~ where r T ia the total decay probability. r T can be 
T -
computed theoretically from the sin.le particle model since this 
model has been very successful in predicting other properties of 
the 8. 88-Mev level (Flfe.man 1(57) (Wilkinson 1957). In particular 
the model ha. predicted successfully both the gamma-ray branching 
ratios anc:1 the Ml.E2 admixtures in the gamma-decay to the 6.14-Mev 
level. There is therefore a fair degree of re1iabUity in the calcula-
-tion. Since the probability. of gamma-decay is many orders of mag-
nitude greater than the probability of alpha-particle emisaion. the 
width for gamma-decay ia a good approximation to the total width. 
c. Results 
The first of the three reactions investigated in this work 
was a qualitative repeat of work done previously by Cook et ale 
(Cook 1(58) on the cros.-aection for formation of e12 from three 
alpha particle •• BIZ(,,) ~1OK - BeS + He4 • The present results were 
conaiatent with the previously pubU.hed results t and the reaction 
was 8ubse9uent1y uMd .a a check to insure that the experimental 
apparatus used later waa workinl properly. In particular 1t waa 
- 20 
u.ed to determine that the lack of alpha particles from Ne was 
real rather than the result of apparatus or operator failure. The 
results obtained were conaistent with the existence of levels at 
10.1 Mev and at 7. 656 Mev in elZ with the proper spin and parity 
to decay to an alpha particle and a Be 8 nudeus. The existence of 
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the 7. 656-Mev level eould not be shown using a solid-state counter 
because the low energy alpha particles were obscured by the beta-
particle pile -up in the counter. 
The ~SEfPF 0 16* - elZ + He 4 experiment yielded the results 
previously known. namely that the spin and parity of the 8. S8-Mev 
(Z .. ) level were such that alpha-particle deexcitation was not allowed, 
and that the 9. 59-Mev (1-) level had the proper spin and parity for 
alpha-particle emission. Additional information has been obtained 
since this level was observed to be populated by beta-decay from 
the ground state of ~S for the firat time. with a branching ratio 
equal to (1.4 !. o. Z) • 10.5 of the total beta-decays·. The lack of 
alpha particles from the 8. 88-Mev level indicates that the positive 
parity admixture to the level due to a parity nonconserving term in 
the Hamiltonian is less than 2.4' 10-10• This value was determined 
by summing the weighted difference between the· observed spectrum. 
and the theoretical spectrum I'epresenting the poorest fit to the low 
enel'gy semiempirical points, equations Z6, 27. and 28. This cor-
responds to a limit on cw~ Z.4 . 10.10• Other authors obtain values 
for FZ:E; Z • 10.12 where different values of the width for alpha-particle 
emission have been u.ed (Kaufmann 1961) (Alburger 1961) (50gel1961). 
This limit for F2 was obtained for an experimental value of 
Ya (8.88) y ~ O. 05Z where Y a(S, 88) represents the yield of alpha 
aT 
particles from the 8. S8-Mev level as determined above. and YaT rep-
resents the total observed alpha-particle yield. The smallest 
value attainable fol' this ratio in this experiment (with arbi-
-Z trarUy good I'esolutton and a 30 II-g' cm thick self supporting 
target) would be 7 x 10.4 for fifty hours of running time. This limit 
is statistical and would vlLry inversely with the square root of the 
-9-
time. 
The alpha-particle spectrum was fitted accurately using the 
parameters of R. W. Hill (Hil11953) and thus confirmed the spin 
and parity assignments for the 9. 59-Mev level. producing no changes 
in the cross-section factors used by Salpeter (Salpeter 1951a). A 
discrepancy between the theoretical and experimental spectra was 
observed at the high energy end of the spectrum. This discrepancy 
+ may be due to alpha particle. from the 9. 85 ... Mev (Z ) level fol1:>w-
-7 inS population by beta-decay with a branching ratio of Z. 7 . 10 
corresponding to a log It = 7. -2. A more conservative statement 
is that 7.2 is a lower limit for the log It value to the 9.85-Mev 
level. The errors in this measurement are mainly due to dUficul-
ties in determining the exact shape of the corrections applied to the 
spectrum. These corrections are due to finite energy 10s8 of the 
alpha particles in the target and to the resolution of the counting 
device. The counts used to obtain the log It value were in the proper 
energy region. had the proper hall width and had the proper spectrum 
shape. It is not possible to definitely rule out the chance that the 
difference between the two Ipectra was caused by an improper fit 
of the experimental data. A definite value for the log It can only 
be claimed when structure corresponding to this level can be seen 
superimposed on the background from the 1- level. 
In the cwlE~FkewlK - 0 16 + He 4 reaction. an attempt was made 
to observe alpha-particle decay from the 5. 63-Mev and 5.80-Mev 
ZO· 20 levels in Ne after populating the levels by beta-decay from F • 
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Since no alpha particles were observed it waa particularly important 
to determine that the analyzing magnet and the gain of the electronics 
were properly set. and that the timing was working properly. The 
first two points were checked by scattering alpha particles of known 
energy through the magnet and observing them with a pulse-height 
analyzer. The ~R target was substituted for the 1'19 target to check 
that the timing was operating properly. The absence of alpha parti-
cles in the part of the experiment that used the alternating gradient 
spectrometer a& a particle detector, gave rise to a lower limit for 
the log It for beta-decay followed by alpha-particle deexcitation of 
the 5. 63"Mev level, of log ft (5.63) .. 8.0. The experiment was also 
carried out with a solid-atate counter yielding log ft (5.63);' 7.0 + 0.7. 
. -
However. the state may decay by gamma-ray emiasion instead of 
by alpha-particle emisaion. R. W. Kavanagh (Kavanagh 1958) has 
looked for gamma-rays using a V-V coincidence techniqUe. assuming 
that the level cascade. throuah the 1. 6-Mev level. From the absence 
of gamma-rays and the background statistics one can obtain a lower 
limit for the log ft (5.63) tJ: 6.5 + O. Z. Limits on the log it (5.8) 
for beta-decay to the S.8-Mev (1-) level were obtained similarly: 
log it (5.8) .. 7.4 !. O. Z for alpha-particle deexcitation, and log it 
(5. 8) ~ 6.6 :!:. O. Z for gamma-ray deexcitation. These limits for the 
log it are consistent with the spin and parity assignments for the 
levels given by the Chalk River Tandem Accelerator Group (Chalk 
River 1961). 
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ll. DELAYED ALPHA PARTICLES FROM- alZ 
A. Observations Using- the Alternating Oradient Spectrometer 
The investigation of the all(d.p) reaction was carried out using 
a 1. 8-Mev deuteron beam from the Kellogg Laboratory Z-Mev electro-
static accelerator. The beam was analyzed by a 90° magnetic ana-
lyzer and then focu.ed on the Bll target which was a thin layer of Bll 
deposited on a thick tantalum backing. The target was obtained from 
the Atomic EneriY Research Establishment, Harwell: England. In 
order to reduce the background due to prompt reactions. the delayed 
alpha particle. from the 7.656 .. Mev and 10. I-Mev levels in CIZ were 
counted, figure 1. The partiele. were delayed by the ZOo 2 millisecond 
beta-decay half-life of BIZ. Two rotating shutters were incorporated 
in the beam tube in order to pulse the beam. and to admit the alpha 
particles to the altemating gradient spectrometer. The experimental 
layout is shown in figure Z of references (Cook 1957a) or (Cook 1957b), 
and a .imUar arrangement i8 shown in figure 5 of this report. When 
the beam wall intercepted on the tantalum ahutter above the magnetic: 
analyzer, the bias for the counter at the focus of the spectrometer 
was turned on and the output was recorded in a ten-channel pulse-
height analyzer. A monitor counter, which counted beta- and gamma-
pulses was tuSO turned on at thi8 time, and it. output was recorded 
in a biased scaler. The pulse-height analyzer was biased so that the 
sinaly-charged alpha-partiele peak was dbplayed and the doubly-
charged group (the group of higher energy at a given momentum set-
ting) was stored in Surplus. A 8eries of observations at different 
magnet settings was taken ~orresponding to the following energy 
regions: 
-lZ-
0.106 Mev ... E(He+) ';1.148 Mev 
0.4Z4 Mev .. E(He++) .. 4.59 Mev 
The coWl'ls at each mapet setting were then normalised according 
to the number of COtmtl iD the monitor scaler and the counts per 
unitsoUd angle at equal energies fol:' different charge state a were 
then combined. The coDtribQtion due to neutral helium atoms was 
taken into account by e stimatiDg the fraction of neutral atoms from 
the charge exchaDge cuneI in li,ure 2. This method yields the 
results illustrated in fl,ve 3. where the ordinates have been nor-
mali.ed at the arbitrary value of Bp I: 300 kilogauss-em. Perhaps 
a more reaUstic nonnallaation would have been to normalize the 
area under the present curve to the area under C. Cook's curve. 
Thil was not done because of the difficulty in estimating the area 
under the solid-state spectrum and the desire to compare the mag-
netic Ipectrometer spectrum with the Ipectrum from the solid-state 
counter. There are two other ways of computing what the total alpha-
particle spectrum from the two levele in Cll should be. One can 
take just the doubly-char,ed alpha-particle yield and correct this 
using the charge-exchanae fraction of figure Z, to give the total 
spectrum. Thil gives a spectrum that agrees well with the one in 
figure 3 above Bp == 300 kilosauss-cm, but one which increases more 
rapic:lly than the WUltrued one for low value. of Bp. One can also 
compute .the alpha-panicle spectrum by taking the singly charged 
alpha particles and correcting their spectrum for the charge -exchange 
effect. This lives good agreement with figure 3 below Bp = 150 
-13-
kUogaus.-cm but a lower value of the yield above thia setting. Thit 
inconsi.tency was also ob.erved by C. Cook and can be attributed 
to one of the following three causes. First: if the solid angle of 
1 the mapet varied by .s much ae 10% between .ettings of l' (BP)max 
z . 
and l' (Bp}max' and if the variation were su.ch that the settinge for 
low magnetic rigidity had a larger solid angle than the settings for 
high magnetic rigidity, one could account for the observed discrep· 
ancies. Second: the effective charge-exchange fraction for the 
8pectrometer may not be the true charge-exchange fraction. The 
alteration would be du.e to collisions with residual ias molecule. 
in the vacuwn chamber. Third: the charge·exchange coefficients 
given in figure 2 may be in error. The magnitude of the necessary 
error ie indicated by the circles in figure 2. It 80ems m08t rea80n-
able that the charge-exchange fraction is inaccurate, or that the 
vacuum in the spectrometel' was poor enough to alter the average 
charge. The agreement between figure 3 and the previous results 
of C. Cook was considered &<loquate to ineure that the experimental 
apparatus was working properly. Since the charge-exchange frac-
tion i8 not needed to better accuracy than it i8 known, for the follow-
ing experiment.. it was not remeasurad. 
B. Observations Using. SoUd-State Counter 
12 The alpha-particle spectrum from B was also observed 
with the aid of a solid-atate counter (Nordberg 1961). The experi-
mental arrangement waa identical to that used with the alternating 
gradient spectrometer. except that a solid-state cOWlter was placed 
at 900 to the incic:lent beam tQ detect the alpha particles. Its 
-14-
position is illustrated in figure 5. The solid angle of the counter 
was 0.10 steradiana. The advantages of the 80lid-state detector 
over the magnetic spectrometer are that the solid-state counter 
ia not affected by charge exchange in the sense that the magnet is. 
that the entire alpha-particle spectrum can be recorded simultan-
eou.1y, thereby J'emoving the error introduced by having to nor-
malize yields at different momentum setti:.')."s, and that the .oUd 
angle le largor than the mapet's .olid angle. The solid-state 
counter removes the error introduced by the charge-exchange frac-
tion because neutral atoms of helium assume a charged state after 
passing into the counter, and thus can create ion pairs whUe decel-
erating. There 18, however, one seriou8 dtsadvantage. This is 
the presence of bac:kground at low energies due to the pUing-up of 
the beta-particle counts. This background occurs at an alpha-
particle energy of about 800 kev. and obscure. the alpha-spectrum 
below thh enerlY. &S ehown in figure 3. No attempt was made to 
subtrac:t the background. from the spectrum, because no appreciable 
change .would. occur in the spectrum above EO! = 1. 2 Mev whUe below 
this energy the errol' bars would soon become comparable with the 
scale of the graph. 
The energy calibration for the counter was determined by 
placing the counter at the image point of the alternating gradient . 
spectrometer, an4 by scattering alpha particles from a thick copper 
target. The apectrometer constant for the alternating gradient 
.pectrometer was obtained by locating the profUe of scattered 
alpha particles of known enerlY from the thick copper target. 
·15· 
The alpha particles of known energy were in turn obtained from 
the electrostatic accelerator regulated by a magnetic analyser 
10 13 
whose constant was obtalDed from the B (0. pY) C reaction using 
the lZ. 70-Mev level in N14• This determined the scale for the ab-
scissa. The ordlDate was obtained by normalizing to the yield at 
Bp = 300 kilogauss-em. 
The agl"eement with the previous experiment indicated 
that the solid-state apparatus was working properly. 
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III. DELAYED ALPHA PARTICLES FROM N16 
A. Introduction 
16 The states inveaUgated in 0 are shown in figure 4 and are 
the 9.85-Mev. 9.59-Mev. and 8. 88-Mev levels. The 8. 88-Mev level 
was previously known to be popwated by beta-decay from N16 with a 
branching ratio of I. 1 % (. W ilk ins 0 n 1956). whUe beta-decay 
to the fiJ'8t two levels had Dot been observed. The 8. 88-Mev (2-, level 
hae been observed to d..excite by gamma-emission where the branch-
ing ratios and the multipole mixtures have been experimentally mea-
aUJ'ed (Kuehner 1959). The spin and parity of thh level are such 
that alpha-particle decay to the ground atate of C l2 ie forbidden. 
The levels at 9.85 Mev and 9.59 Mev are known to have the proper 
.pin and parity to emit alpha particle. if populated by beta-decay. 
Thus one wow.d expect to obaerve alpha particl8. from the 9. 59-Mev. 
level. since the beta transition i. allowed. Alpha particles from the 
9. 85-Mev level mayor may not be seen depending on the 8ensitivity 
of the experiment. because the beta-decay would be a first forbidden 
transition. By measuring the alpha-particle yield and by monitoring 
the yield with the number of beta particles to. or gamma-rays from 
the excited states in 0 16• one can determine the branching ratio for 
beta-decay to the excited levels. 
B. Experimental Arrangement 
In order to investigate these two levels, an experimental ar-
IZ 
rang omen was used similar to that of the B experiment. The main 
difference between the two experiments was CAUsed by the increased 
16 12 beta-decay Ufetime of N compared to that of B • The half-life of 
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N16 is 7.37 seconds (Bleuler 1947) (Martin 1954). With this long half-
life one is not only able to puls. the beam in the vacuum tube but. 
since the time conatant for the electrostatic accelerator is about two 
seconds. one ia able to pulse the voltage on the accelerating tUbe. 
The experimental layout is Ulustrated in figure 5, the target chamber 
in figure 6. and the timing cycle in figure 7. The bombarding beam 
was a magnetically-analysed 1. 8-Mev deuteron beam. figure 5. The 
tantalum beam chopper. located above the analyser. was solenoid-
operated with a period of about twenty-five seconds. The purpose of 
this shutter was to intercept the beam and to define accurately the 
time when the beam was removed from the target. As the energy of 
the high voltage terminal dropped,an accelerating voltage was reached 
such that the mass s.parator magnet would transmit the lower mass 
beam. If this beam were not intercepted on the beam chopper it 
would pass throuah the analyzing magnet and strike the target during 
the countins cycle. Therefore it was necessary to intercept the 
beam, and desirable to intercept it a8 far as possible from the count-
ers. In case this chopper failed. an event never observed during the 
experiment, there was an additional shutter in the target chamber 
which would intercept the beam at the entrance to the target Chamber. 
figure 6. The target chamber ahutter served a dual purpose in that 
it shielded both the magnet and the solid-state counter from the tar-
get during the bombarding part of the cycle. eliminating saturation 
and deterioration of the counters. This shutter system was faU safe 
because if the target chamber shutter failed to operate it would 
block the incident beam. In addition to these mechanical ahutters, 
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electrical gate. prevented counts from entering the monitor scaler 
and the pul.e-height analyzer during the bombardment of the target 
and during the time when apparatu8 was 8witching from the bombard-
ing part of the cycle to the counting part of the cycle. On certain 
runs. two additional gate. were added, which operated two 8calers 
recording the alpha-particle apectrum during different parts of the 
counting period.. The ratio of counts in the •• two 8caler8 was us.d 
to determine the liletime of the alpha particles t Appendix 1. 
C. Experimental Timing 
A typical operating cycle proceeded aa illustrated in figure 
7. The spray to the belt wa. tUJ'ne,d on and the voltage on the ac-
celerator tube increased. to it. final value in three seconds. The 
mechanical ahutters above the magnetic analyzer and in the target 
chamber opened before the accelerator reached. the operating energy. 
When the accelerator reached the proper energy. the regulating 
slitl in front of the tarlet chamber held the deuteron beam on the 
taraet~ The shutter in the tarlet chamber removed the tantalum 
8hield from the beam entrance and placed a cylindrical shield 
around the target in order to shield the malDetic spectrometer 
and the solid-state counter from the prompt particles. The beam 
was allowed to bombard the target for approximately eight second •• 
During this time the voltages on the photomultiplier and the solid-
state counter were turned off. Target bombardment was terminated 
by turning off the spray and'deactivating both shutters. The counter 
voltages were turned on. and after 1.5 seconds, sufficient time for 
the voltage. to lItabiliae, the gates on the 8calers were opened and 
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delayed activity was observed in the gamma- and alpha .. counters 
for about nine seconds. The process was then repeated. 
D. Target Construction 
The target requirements were that the target should be 
capable of withstanding several microamps of beam current, and 
that it should be thin enough that the alpha-spectrum would not be 
I 
appreciably affected by energy los.es in the target. In order to 
satisfy the first requirement a refractory material TiN was used. 
A successful method of making TiN targets is to heat titanium 
in an ammonia atmosphere. This process nitrides the titanium 
with a density of nitrogen nu.dei in proportion to the diffusion of 
nitrogen into the titanium. This process gives rise to a poorly 
defined target layer, which contradicts the requirement for a 
thin target. In order to overcome this difficulty. a thin layer of 
titanium was evaporated on a thick nickel backing. This was 
then nitrided in the above manner to give a well defined target 
17 .. 2 15 layer 1.8 . 10 target nuclei· cm thick. The N was obtained 
in the form of ammonium nitrate from the .Ea8tman Kodak Company. 
and was enriched so that 670/0 of the nitrogen in the ammonium 
radical was N15 . The reaction u8ed to liberate the ammonia was: 
The reaction was carried out in an evacuated chamber and the gas .. 
eous products, NH3 and H20. were removed from the system by 
liqUid nitrogen trapping as soon as they were formed. The gas 
waa then dried. by palsina the mixture over KOH and the remaining 
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dry ammonia was then pa •• ed over a target blank which was heated 
in an induction furnace. The temperature of the blank was chosen 
high enouah to nitride the titanium yet low enoqh to minimllle dif-
fusion of the titanium into the niekel baeking. Targets of qi~R and 
TiNl4 were made in thi. ma.nner by D. Hebbard (Hebbard 1960). The 
TiNl4 ta.,get was used to ascertain that the reaulta of the experiment 
were really due to ~R t and not due to a eontaminant introduced in 
the target maktns proces s. 
E. Target Thickneas 
The thickness cd the ~p target was determined by observing 
the yl~ld of 4. 43-Mev lamma ray. from elZ t following the N15(p,ay) 
reaction, through the 12. 52-Mev level in the compound nucleus 0 16• 
The resonance occur. at an incident proton energy of 4Z9 kev. The 
target was found to be 7 kev thick to 429-.kev protons, figure 8. As. 
auming that the chemical compoaition is TiN. that the titanium at 
the aurface ia completely nltrlded, and that 67'0 of the nitrogen ia 
~RI a suriace denaity of 1.8 • 1017 target nuclei· em -2 is obtained. 
Thia corre .• ponqa to a thickneaa of 28 kev for 1. 7-Mev alpha parti-
cl ••. 
__ 14 . 
The N- target waa made from ammonium nitrate where the 
nitrogen in the ammonium radical represented the natural abundance 
of nitrogen iaotope.. In order to determine the approximate thick-
ness of the ~4 tarset, it was irruiated with the same beam current, 
and the same total charge aa the ~R enriched target. The yield of 
the 6 &7 -Mev gamma-radiation from 0 16 was compared with the yield 
obtained from the TiNlS tarlet. Using the natural abundance and 
the quoted enrichment of the TiNl! target. the measurement resulted 
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in a thickness of 2.2 . 1017 atome of nitrogen. cm -2 for the natural 
17 -2 
nitrolen target ae opposed to 2.7 • 10 atoms of nitrogen· cm 
in the ~R enriched target. The accuracy of the thickness mea-
surement for the natural nitrogen target is :!:. ZO%. The TiN14 
15 . 
target was considered simUar enough to the TiN target to serve 
as a backgroWld target. 
F. Energy Determination of the Peak 
The energy calibration of the solid-state counter proceeded 
as follow.. The cOWlter was placed at the exit aperture of the al-
ternating gradient apoctrometer and a thick lold target was bom-
barded with 1. 8Z-Mev alpha particles. The spectrometer field was 
varied and the alpha-particle pulae-height was plotted versus the 
enerlY of the alpha particles. This measurement resulted in the 
crosses of figure 9. The points at Ea = Z.65 Mev were obtained 
from a Po(a) source. Ea = 5.3 Mev, after doubling the amplifier 
gain, and were later used to determine the change in the calibration 
of the electronice eo that data accumwated at different tim.s could 
be combined. The points at Ea :: 1. 75 Mev came from the scatter-
ing of alpha particles through a thin piece 01 gold leaf. The apread 
in the points at Eo:: 1.75 Mev and Ea = Z.65 Mev indicatea the mag-
nitude of the correction. appUed to the energy scale 01 the different 
spectra in order to combine them. The energy spectra obtained 
from the magnetic analyzer and from the gold leaf I for calibration 
purpoees, are Uluatrated in figure lZb, curves (3) and (1) respectively. 
G. IdentUlcatlon of the Obaerved Spectrum 
After the Iroup of particles had been observed it remained 
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to be proved that they were alpha particles and that they originated 
from the states 01 tnterest in 0 16• The first check was to .e. that 
the energy of the group waa conaiatent with the energy avaUable for 
decay of the excited states in 0 16. The solid-atate counter was 
calibrated aa previously indicated and the peak of the group was 
found .hifted 130 key lower in energy than would have been expected 
from simple consideration of the reaction dynamic8. When the 
effects on the energy of the spectrum peak due to penetr .. bility, to 
beta-decay ph .... -space, and to target geometry were con8idered, 
the shift in peak energy apJMarec1 reasonable. Thi8 is illu8trated 
by the agreement between the theoretical and the semiempirica! 
8pectr .. in figure 21. 
The origin of the p .. rticles was checked by measuring their 
lifetime. This was accomplished by recording the alpha-particle 
.pectrum in two 8calers which were gated .. 8 shown in figure 7. 
The ratio of counts between the two scalers was computed. The 
method used to convert thia ratio to half-UIe i8 described in Appen-
dix 1. The ratlo, R. of count. in the faat scaler to tho.e in the slow 
.caler w ... found to be R = 1.83 + 0.12. This value of R results in 
-
an experimental half-Ufe of 7.3 :t.. 0.7 seconds which ia in excellent 
alreement with the value of 7. 37 + O. 05 seconds printed in the lit-
erature (Ajzenberg-Selove 1959). Thi8 agreement indicates that the 
decay prodl,tcts are a.sociated with a reaction involving the beta-
decay of ~SK 
The particles were identified a8 alpha particles by placing 
a 0.0064 mm aluminwn foU in front of the counter. Thia foU wa. 
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sufficiently thick to stop alpha panicles of 1.8 Mev. With the foil 
in place the group was no longer observed. The group wae alao ob-
eerved throUlh the alternating gradient spectrometer at a setting 
++ that corresponded to Ea = 1.7 Mev for He • The particles ob-
served in the spectrometer could have been either protons or alpha 
panicles of 1. 7 Mev. however proton. pould have been obeerved 
in the spectrum with the IoU in front of the solid-state counter. The 
group definitely consiste of alpha particle •• 
The target of natural-abundance nitrogen described previously 
was irradiated in order to determine how ml1Ch of the spectrum was 
due to N'-5 an4 how much of the .pectrwn was due to impurities in 
the target. Thi. taraet was prepared, to within the accuracy of the 
target makina technique. m the .ame manner as the Nl5 target. and 
should have contained any impurities that were introduced in the 
target making process. The yield from this target was reduced by 
the ratio of the abundance 01 ~R between the two targete and thu. 
lacked mo.t of the low enerlY tail due to the beta-decaye. The 
nobe from the electronic. and the counter increa8ed exponentially 
below channel10. Thi8 evidence completed the identification of the 
group as alpha partic:les from statea around 9. 59 Mev in 0 16 . 
H. Efficiency of the Oamma-Ray Monitor 
The efficiency of the gamma-ray monitor was computed in 
two different way.. The 8pectrum of gamma-radiation i8 displayed 
in figure 10. The firat method wa8 to determine the efflQiency 
from the theoretical tabl •• of Nal crystal efncienei •• taklDg into 
aecount detaU, of the pre •• nt l8Ometry. U sing the National Bureau 
of Standard8' table. compUed b)' E. A. Wolicki et ale (Wolicki 1956), 
one obtains a value for the total eUiclency of the gamma -monitor of 
0.27'0 where the absorption of the gamma rays 'due to the material 
between the cry.tal and. ,the target chamber has been taken into ac-
count. 
The .econd method waa experimen:tal. using the F19 (p. elY) 
reaction. Thil reaction proceeds through an .-wave interaction at 
a resonance Ep :It 340.5 kev. ana yielda an alpha-particle angular 
distribution that 18 nearly iaotropic. The experimental measurements 
(Van Allen 1941) show that the angular distribution of alpha particles 
is isotropiC to within Z'o. The angwar distribution of the gamma 
rays has been measured by Van Allen (Van Allen 1941) and waa found 
ieotropic to within S'fo. 0\&. to the isotropy of the alpha- and gamma-
distribution •• a coincidence experiment is not nece.aary to determine 
the efficiency. rather one need. only to compare the yield of alpha 
particl •• in a known solid &Dgle to the yield of gamma-rays in the 
monitor scaler. In order to determine the solid angle of the solid-
state counter accurately, the target was assumed to be a point source 
. 
which gave an inver.e-square yield of alpha particles. The ratio of 
alpha particle a to total charle strUdng the target waa computed for 
three different position. of the solid-state counter, and the distance 
between positions was measured accurately. The soUd angle was 
determined uaing readinga from two of. the positions and then checked 
for conSistency with the yield at the third position. This procedure 
was necessary because of the inaccuracies involved in making a 
direct measurement of the d18tance from the target surface to the 
solid angle defining apenure of the lolid-stat. counter. The value IJ 
of ~e solid angles obtained at the three different positions and the 
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eflielencie. computed for the gamma-ray monitor are gtven in Table 
u. 
Table U 
Position 'inchesl O'steradians) Efflclencl 0/0 
6(.:0.345 !.. O. 00.) 0.a18 0.Z4 
O. 26Z + 6 0.070 0.15 
0.537+6 0.033 0.14 
The efficiency computed was the total _fiiciency considering 
.s gamma ray. only those counts above the monitor bias. In order 
to compute the efficiency from the tables of E. A. WoUcki at ai. , 
one must estimate the number of count. that are represented in the 
low energy taU of the Ipectrwn. The gamma-ray spectrum wa.s 
I 
extrapolated to zero pals. helght by usiAa a straight line parallel 
to the abacissa drawn from the point of minimum yield below the 
peak. This resulted in a correction factor of 1.5 for the efiiclency 
computed from the tables. The experimentally determined efficien-
eias agree weU with the value of O. Z7% computed from the tables of 
E. A. WoUcki at at. (Wolicki 1956). 
1. Experimental meets on the Spectrum Shape 
Two poslibia eftects of the target geometry on the results 
of the experiment are a change in the alpha-particle : gamma-ray 
ratio and an alteration in the .hape of the alpha-particle spectrum. 
The ratio of alpha-particle yield to gamma-ray yield can be affected 
if one of the decays la not observed. Since it is po.sible for recoU· 
ing N16 nuclei to escape from the face of the target at target angles 
Ci\) < 480 • one must tnv •• ti,ate the distribution of the recoil rt6 in 
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the taraet chamber. If they are diStributed with a geometry such 
that one type of radiation ia ob.erved preferentially over the other. 
the alpha : gamma ratio would vary with target angle. If. for example. 
the N16 could recoil to a region where the gamma rays were counted 
but the alpha panicles were not, the alpha : gamma ratio would de-
creaae giving a amaller branching ratio to the .tate considered than 
was correct. The recoiling rt6 should bave been caught by the tan-
talum beam catcher and removed from the target chamber while 
data were beina recorclecl. Since this effect becomes more pronoWlced 
as the larlet angle i8 decrea.ed and ~S nuclei escape from the tar-
get in increasing number •• the ratiO, of alpha-panicle to gamma-
ray counta was plotted as a function of target angle for target angles 
between 10 and 45°. No chanae in the ratio waa ob.erved for the 
angles considered. to within an accuracy of 5%. figure 11a. In order 
to determine whether or not the assumption (that the number of ~S 
recolls eacaping from the target increased with decreaaing angle) 
was correct. the 0 16 ,&mma-ray yield. multiplied by the sine of the 
target angle w to correct for target thickness variation. was plotted 
as a funct~on of the target angle for the same range of angle.. The 
expected results were ob.erved and are .hown in fiaure Ub. A. 
the taraet &Dale decreased, the fraction of .scaping ~S nuclei in-
creaaed, and the gamma-ray activity per bombarding particle per 
target nucleus decreased. The remaining effect is due to the in-
creasing abe 01. the beam spot on the target. This decreases the 
effective alpha-counter solid angle. If appree1able this solid angle 
effeet should have appeared in figure Ua .is a decrease in the 
alpha : gamma ratio. The change in 80lid angle was calculated 
from the geometry and found 1 •• s than ZCYo. Thus the recoil of the 
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nucleus out of the target .eema to be the most important effect 
discusaed. and apparently bas no significant effect on the alpha-
partiCle: gamma-ray ratio. Figure llb illu8trates the decrea.e 
in the number of ~S nuclei that decay in the target backing as a 
function of the target angle. The points have been normalized to 
100'0 at w = 480 where all of the Nl6 nuclei wID remain in the 
target backing. This percentage is expected to decrease to 50% 
o 
at w = 0 , and the results appear consistent witb this expectation. 
The sbape of the alpha-particle spectrum can be altered 
by various effect.. Since the ~S nuclei recoU into the target back-
ing, there wID be a depth diatribution of decaying 016 in the target 
and the spectrum will be shifted and broadened by the correspond-
ingenersy 108a of the alpha panicles. The spectrum will also 
be altered by the re.pon.e function of the particle detector. by 
multiple scatter~g in the target backing and target chamber. and 
by surface irregularities. 
First let us conaider the recoil process. The Nl6 nucleus 
is recoUing due to the center-of-mas. motion and due to the Q-value 
of the (d. p) reaction~ It wID come to re8t at a depth L· coaw in the 
target where this depth is a function of the laboratory angle I 
for the heavy panicle recoil from the reaction. figure 12.b and 
(Marion 1960), and the target angle w, figure 11a. The distribution 
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of N-' nuclei will lie on a .urface of revolution in the laboratory 
frame of reference where the density of ~S nuclei on the surface 
can be obtained from stripping differential cros .... ections measured 
by Zimmermann (Zimmermann 1958). To complicate matters fur-
ther, there are three excited states in addition to the ground state 
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of N 16 that are involved in the (d. p) reaction. The four ren.ctions. 
with their respective differential cross-sections) have to be taken 
into account. This gives foursuriaces of revolution as the locus 
of stopped Nl6 nudei in the target baCking. This distribution is 
spread out by the fact that the recoiling nudei suffer a certain 
amount of straggling which for the energies considered amounts 
to approximately 50 JLg' cm -2 (Powers 1962,. This spreads the 
four surfaces together. Additional mixing of the reaction products 
might occur through the recoil mechanism from the beta-decay of 
:r-.:;16 to 0 16• This recoU may distort the spectrum if the depth of 
the origin of the alpha particles were varied or if the energy of 
the alpha particle were varied due to the recoU from the beta-decay. 
The two effects are correlated in that when the dynamics of the 
decay are such that the alpha particle lose. energy due to the re-
coU, the change in po_ition of the recoiling nucleus increases the 
path of escape from the target. Therefore the two effects add. 
The final correction takes into account the increase in path length 
for the escaping alpha partides due to the 150 rotation of the tar-
get normal from the axis of the solid-state counter. 
The position of the Nl6 nudei was determined as follows. 
For a given reaction, the energy a8 a function of recoU angle was 
determined. and the range at the corresponding angle was read 
off of a range energy curve for nitrogen in nickel (Powers 1962). 
The differential cross-section for Nl6 recoUs in the laboratory 
system was obtained from the differential cross-section measure-
ments of Zimmermann. Zimmermann l s work gives the differential 
cross-aection for protons from the stripping reaction in the 
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center-of-mass system but this can be converted to the heavy parti-
de differential cross-sectlon in the laboratory system by using the 
relationships of Appendix 11. Upon integration of this differential 
cross-section over the surface at a constant distance along the beam 
direction one obtained the number of N t6 nuclei in a diUerential 
interval at a given distance along the beam axis. What one really 
wanted was the number of Nt6 nuclei giving rise to observed alpha 
particles that had traversed a distance L while escaping from the 
target. This was obtained by taking the density of particles on the 
surface of rotation and projecting it onto the plane defined by the beam 
direction and the direction to the alpha-particle counter. The number of 
Nl6 nuclei at a given distance from the surface was then given by the 
integral of the projected density along a strip at a distance L' cosw 
from the target suriace. The integration was performed over the 
region where the density of N16 nuclei was essentially nonzero. This 
integration was then carried out for different values of L yielding the 
density of recoil nuclei a8 a function of the distance from the target 
surface in the direction of the alpha-particle counter. Before 
integrating over the density at a constant value of L, and in order 
to facilitate computation, the densities of recoil nuclei along the 
beam axis from the four interactions were combined and an average 
value of th"e positions of the nuclei in the target backing was deter-
mined. This approximation seemed justified since the locus of the 
recoil nuclei was spread out due to the effect of 8traggling. The 
distribution thus computed corresponded to Nt6 nuclei positioned 
. 
on an infinitesimally thin surface of revolution. The breadth 
of the distribution was taken into account by folding a finite width 
, 
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gaus sian into the computed distribution function where the width of 
the ,a"s.ian waa determined from the positions of the different 
.roups and the characterletic strassU.n, breadth. The straggling 
baa been meaau.red for uitrogen atoma HOpping in aluminum by 
D. Powera and baa been founcl to remain •• aenti&lly Constant 
over the energy resion of iDter.at. The atoms were found to stop 
withiD 15 ..... em -2 01 the mid-point of their ran,e. to within 10% 
accllracy for 50 kev CENl' C SOOkev. Appendix U IDu8trate. the 
mathem.Uc. involved 1n thia calcWation. 
16 Alter the beta-ciecay, the recoilin, 0 . nuclei have ave· 
locity (i'max • 1. 5 . 10· 5 . Now .ince the wic:lth ot the 9. 59 - Mev 
levella appl"OXimately 0.6 Mev. the I'ecoilin& 0 16 nuclei wID 
travel (".ina f. 1. 5 • 10-5 and .,. =1i/r, 4.9 • 10-3 ~ermi before 
bl'eaktna tip iJlto an alpha panicle and a carbon nucleu.,. Clearly 
this recoU eft_a may be neslected. The recoil shift in the ener.y 
may alao be ne,lected ,ince the velOCity of the alpha particle due 
to the excitation enerlY avanabl_ in the center-of-m.,a aystem 
i. liveD by f. 3 • 10.2 which iI three orders of magnitude greater 
than recoU velOCity due to the beta-decay recoil. The error in 
the alpha-particle .er.y clue to the center-of-ma.a motion ,ia much 
Ie •• than 1%. 
The r8CoU N16 nllClet calculation wa.a applied to the theo-
retical yield ill the followtnc manDer. The density of N16 nuelei 
a •• ftlAction of depth In the taraet was transformed to an eneray 
diatribution of alpha particle. le.viDa the surface of the target by 
••• umina that the atoppiDI power for alpha panicles in nickel waa 
0.82. kev· em Z. 1.,.1, anei nearly Conatant for the alpha-particle energies 
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of interest. Thia spectrum was calculated for a narrow level with 
Ea = 1. 65 Mev. The energy spectrum haa been broadened according 
-z to the 50 ~f·cm stragglinl breadth. Thb computed energy response 
function, figure Ua. was then folded into the theoretical CI'OSS-
section. 
The next elfecta that should be discussed are the counter 
response function and the effect of multiple scattering on the spectrum 
shape. In order to determine the counter response function, the 
counter was placed at the imaae point of the alternating gradient 
spectrometer with the sUts adjusted for about 1% momentum reso .. 
lutton. The spectrum obtained is illustrated in figure.llZb curve EPF~ 
by the open circle.. Thl. spectrum is symmetrical with a width 
that is characteriatic of the resolution of the solid-state counter. 
The effect of this response function on the alpha-particle spectrum 
would be a simple symmetrical broadening. The solid-line spec-
trum shown in figure lZbJ curve (UJ is that of alpha particles scattered 
through a thin piece of gold leaf mounted over a hole in a tantalum 
tarlet blank. The scattered alpha particles were observed directly 
by the solid-state counter. The existence of the pronounced low 
energy plateau in thla spectrum needs to be explained. One possi-
bility i8 that the small angle scattering from the beam-defining 
slits in front of the target chamber may contribute somehow to the 
low energy background. This effect would not have to be considered 
in reducing the experimental data since no beam is present during 
the counting period. The forward scattering from the beam defining 
slits was reduced by placing a tantalUm ahield at the entrance to the 
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target chamber. Thi. shield had a circular aperture sufficiently 
large that the incident beam could not strike the edges of the shield 
yet sufficiently .mall that the shield would intercept alpha particles 
scattered at more than two dearees from the beam axb. If the low 
energy backaround were due to small angle scattering originating 
at the beam defining sUts, one would expect a difference in the spec-
trum shape when the beam pas.es through the foU aa compared to 
when the beam i. scattered from the surface of the foil. The cii'-
ferenee wo~dK be cau.ed by the scattered portion of the incident 
beam strikina the tantalum .upport for the gold leaf aiving a thick 
target yield of alpha pal'ticle. fron:. the tantalum. In the case where 
the beam pas.ed thl'ough the foil (w = _450 ), the incident beam that 
was scattered through small An,le. would strike the tantalum sup-
port and be elthel' absorbed or .cattered away from the counter. 
In the case where the beam scatters from the Bunace of the foU 
(w = 45°), the incident beam scattered through small angles can be 
scattered by the tantalum target support into the Bolid ... state counter. 
In addltion to the dWel'8I1ce in the shape of the peaks. due to the 
effect of eneray 10.s in the foU, the ratio of the area under the low 
energy plateau to the area under the peak should change in propor-
tion to the amount of small anale scatterma present from the beam 
, 0 
defining sliU. This ratio .hould be smaUer for w = -45 than for 
w = 4So. This ratio was smaller for the case where the beam was 
Bcattered from the sunace of the target, ~ = 450 • than for the ca.e 
where the beam was scattered through the target by 5%. The ratios 
were the Bame to within the experimental accuracy indicating that 
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scattering from the beam defining sUts was not reKp~llaible for the 
plateau. The low energy plateau could also be accounted for by 
assuming that the beam scattered from the back of the target cham-
ber after pa8sing through the gold foU and that the back scattered 
partieles were counted. This explanation seems unlikely because 
the beam was caught in a,six-inch long bras8 tube which was col-
limated so that the back scattered particles were un,able to 
rea c h the counter. 
The magnitude of the contribution to the low energy alpha-
particle spectrum from backscattering can be estimated by inte-
grating the Rutherford crosa-aection from 900 to 1800 • By assum-
.. z inl that the average r&nge of the alpha particles was I mg· em 
and that the integrated eross-section could be evaluated for an 
average alpha-particle energy of 1 Mev, a value for the peak: 
plateau ratio of 103 was obtained. Thi8 eliminates backscatter1n1 
as a possible cause of the plateau. Multiple scattering may have 
contributed to the plateau in the gold foil spectrum but need not 
be considered when analyzlnl the delayed alpha-particle spectrum. 
The most plausible explanation for the plateau is the fact 
that alpha particles lose energy irregularly as they leave a tarlat 
through a rough surface. The surfaces of the gold foll and the 
,;TiN target were visibly rough, and could have accounted for the 
large energy lost by 80me of the alpha particles. In order to lit 
,the experimental spectrum with a theoretical analysis usini the 
same parameters that HUI obtained from the elastic scattering of 
. lZ 
alpha particles from C • the counter response 'unction illustrated 
in figure lZbJ curve (Z), and the target response function figure lZa 
were us.d. The counter respon.e function that was needed to fit 
the experimental spectrum did not have quite as pronounced a low 
energy tail a. the response function obtained by scattering from 
the gold foU. 
J. Accumulation of the Experimental Data 
. 0nce the spectrum had been identified. the problem was 
to obtain statistically meaningful data. With typical counting rates 
of a few hundred counts each hour it wali obviou.ly necessary to 
maximize the experimental yield. The most effective variables 
were the beam energy. the beam current. the target thickness. 
and the target angle. The value. chosen were Ed = 1.8 Mev. 
i = 6-8 lJ. amps. t = 1.8. 1017 target nuclei' cm -Z. and w = 15 
degrees. Data were accumulated on three separate occasions with 
each attempt lasting from two to three day •• and were analyzed 
separately. These attempts were then combined to give the re-
sults presented bere. The untouched data of one of the attempts 
is shown in figure 13. Tbe low energy background was. determined 
, 
by inserting a 0.0064 mm aluminum foil in front of the counter. 
This allowed tbe electron. from tbe beta-decay to penetrate the 
foil and to be recorded wbile the alpba particles were stopped in 
the foil. The background was plotted verau. pulse height on log-
log paper and found to be a straight line. For future runs the back-
ground was determined by plotting the low energy incre~se of 
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counts on log -log paper and by extrapolating the' background linearly 
to the energy region of the alpha particles. This background was 
subsequently subtracted from each of the runs. After the yield of 
each of the three spectra was analyzed in this way, the abachsas 
were changed according to the energy calibration and the curves 
were normalized 80 tha.t the total number of counts in each spec .. 
trum remained unchanged. The three curves were then combined 
to give the result illuetrated in figure 14, where the dashed curve 
has been drawn through the experimental points. The values of 
this Bolid curve. at 100 kev intervale. represent what in future will 
be called the aemiempirical points. The semiempirical spectrum, 
plotted in center of mass enerlY for the ell. + He 4 system. was 
then fitted theoretically. 
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IV THEORETICAL ANALYSIS 
A. Dependence of the Spectrum Shape on the Beta-Decay Probability 
Since the level populated in the compound nucleus 0 16 is very 
broad, r = 645 kev, the energy dependence of the beta-decay 
cm 
process must be taken into account in the theoretical analysis of 
the alpha-particle spectrum. The total probability of beta-particle 
emission, ME 0)' i8 proportional to the following integral: 
"'0 
,,-(E oF~ <t>(Z) S (E O-€ )Z f(Z,.,,) d1'l. 
o 
t 
E = (1 + ."Z) 
where." is the momentum of the electron in units of mc, E is the 
2 total energy of the electron in units of mc , the zero subscript 
indicates the maximum value obtainable, and ¢(Z) ia a function 
(10) 
that depends only on Z and not 11 (CP(8) = 1. 019). The Fermi Func-
tion f(Z, 1'1) contains the electrostatic dependence and part of the 
phase-space dependence of the beta-decay probabUity. f(Z,1') is 
tabulated by U. Fano (Fano 1952). Values of ME 0) were obtained 
that corresponded to energies, E, in the center of mass system 
12 4 
of the C + He nuclei from 1. Z Mev to 3.0 Mev in lOO-kev steps. 
The conversion from ME 0) to ME) was accomplished using the fol-
lowing relationship: 
E 0 = ~ (3. 757 Mev - E). 
mc 
Figure 15 illustrates the variation of ME) with respect to both EO 
and E. 
(11) 
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B. Nuclear Effects on the Alpha-Particle Spectrum 
The spectrum shape can be described using the single level 
Breit-Wigner formalism (Wigner 1947) (Lane· 1958). since there are 
no other spin-one levels within 2 Mev. Since the level is broad. 
one must include the energy dependence of the width and of the reso-
nance energy. The relationship used was: 
raJ (E) 
O'(E) ~ ---------~wr 
2 ra .t {E-Ea1 - tn t (E)} + 4 
where the terms are defined a8 follows: 
rat (E) = 2Y;1 mlErIb~ 
r=a 
(12) 
(13) , 
!. is the interaction distance in fermi, a variable parameter 
2 Yal. is the reduced width in Mev. a variable parameter 
(13a) 
E .l 
P == kr = 2 lr 11 = 0.380 rEa (l3b) 
(13c) 
(13d) 
(13e) 
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(13f) 
ER i8 the resonant energy in Mev. a variable parameter 
(13g) 
al refers to the particular mode of decay of the 9. 59-Mev level into 
ClZ + He; and i. refers to the relative orbital angular momentum. 
which was taken equal to unity from the elastic scattering work of 
R. W. Hill (HUlI953). By combining equations 10 and 12 one obtains 
the theoretical spectrum of alpha particles from the 9. 59-Mev level. 
. (14) 
where C is a constant. For additional information see (Griffy 1960). 
The cross-section CJ'Th(E) can be written in the following form 
Z 
cr Th (E;!.. 'Y • ER J l.) in order to emphasize the dependence of the 
cross-section on the variable parameters. For the 9. 59-Mev level 
Z this can be rewritten as CTTh (E;!o. 'Y • E R • 1) since the relative 
angular momentum of the level is known. The remaining parameters 
were varied using a Burroughs ZZO computer in order to determine 
which values would give a good fit to the semiempirical points. The 
range of parameters used is given in Table ill. 
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Table Ul 
Parameter Maximum Minimum Increment 
a fermi 6.23 4.63 0.20 
2 
Yeti Mev 3.8 0.2 irregular 
ER Mev 2.8 2.2 O. 1 
E Mev 3.0 1.2 0.1 
The value. of the natural logarithm of the coulomb function 
222 in Ai ( Pj' log'lj) = In (F1 + °1 ) were stored in the computer 
'for values of p. I: 1.0, 2.0,' 3.0, 4. O. 5.0, 6.0 and log". = 
J J 
0.0, 0.1, 0.2, 0.3, 0.4, 0.5. The subscript j indicates tabu-
2 Iated values of the va.riables (Bloch 1951). Values of InAl were 
stored as a six by six matrix in the computer and are given in 
Table IV. Pc and 101 'lc were calculated for the c th choice of 
the center of mass energy E. 
Table IV. 2 Values of InAl 
log" 0.0 0.1 0.2 0.3 0.4 0.5 
.P 
1.0 2.668 3.407 4.451 5.9H. 7.919 10.64 
2.0 1.165 1.583 2.233 3.239 4.773 6.982 
3.0 0.6493 0.8707 1.231 1.844 2.884 4.602 
4.0 0.421.3 0.5560 0.7681. 1.129 1.780 2.991 
5.0 0.3018 0.3982 0.5346 0.7678 1.167 1. 957 
6.0 0.2320 0.3079 0.4083 0.5633 0.8269 1.334 
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Z Z The value of lnAl was then determined by taking the values of lnAl 
at constant log" j and fitting a polynomial in p of order five to this 
Z 
set of points. Thi. gave a functional relationship for lnAI ; 
JnI{ Em~ 5 = .I; C pn 
n=O n 
(15) 
log TJJ=const. 
which was then solved by setting P I: pc. This computation was car-
1'ied out for all six tabulated values of log ". and resulted in a set of 
J 
six value. of lnAf (pc. log 1'1J). This set of pOints was then fitted 
with a fifth order polynomial in log ", equation 16, and then evalu-
ated at log 1'1 = log "c. 
2 5 n 
JnAl (pc' log ", = l; Bn (log TJ) 
n=O 
2 . 
which yielded value. for lnAl corresponding to a 
given value of the center-of-mass energy and a given value of the 
2 interaction 1"adiu.!.. Nineteen values of InAi were computed for 
the values of the center-o£..mass energy given in Table III. The 
2 derivative of lnAl with respect to p at a constant value of "c was 
(16) 
evaluated by a finite difference method. The interval in p was 0.5 
and the foUowina values of Pi were used to compute the derivative: 
Pi It Pc • 1.0; p.O. 5; P ; P + 0.5; p + 1. o. 
c c c c 
The subscript i indicates variable. associated with the interval used 
to compute the derivative. The quantity lnAt (Pi' log rt} was eval-
uated for each of the six values of log fl. giving six values of log ". 
J J 
versus InA; (Pi' log "j). These values were fitted with a fifth 
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order polynomial in log ". 
Z 5 n 
.fDAI (p., log 11) = 1:; D (108 11) 
1 n=O n 
(17) 
Equation 17 was then evaluated at log" = 108 "c' This proce •• w.as 
repeated for each of the five value. of Pi giving Ilve values of 
Z 
'nAi (Pi' 101 "c)· The derivative was then determined by substituting 
these values into equation 18 (HUdebrand 1956) 
"=,, c 
(18) 
salu~s of the parameters alOllJ with the computed values of At and 
cUnAi dp were then substituted into the equations numbered 13 in order 
to obtain ~bFK C in equation 14 was initially chosen equal to one, 
and the maximum value of the C&-oss-8ection, O"max(E), was deter-
mined. All the points were then normalized by taking C equal to 
100/cr
max
(E). 'I:he results of the.e calculations are shown in figure. 
16, 17, and 18, where each figure Wustrates the effect of varying 
one of the parameters. Figure 16 shows that the peak of the spec-
trum move8 to lower enel'lie. as the interaction radius increases, 
that the width of the spectrum at half maximum decreases with de-
creasing int.racUon &-adius, and that the curve become. asymmetric 
as the interaction radius decreases. The effect of decreasing the 
resonance energy, Ea' on the spectrum is to shift the peak to lower 
energie., and to decrease the width of the spectrum at half maxi-
mum. This is illustrated in figure 17. The efiect 01. the reduced 
width V!l on the spectrum shape le W".trated in flgure 18. A. the 
reduced width is increased the peak of the spectrum is shifted to 
lower elleraies and-the width at halt maximum is illcreased. The 
variation of the level shift .e & function of the center of mas. ener,y 
is plotted in the lower graph of figure 19. Values 01 ~e level shift 
for vanous values of the interaction radius used can be obtained 
from thillamUy 0' curve •• 
The theoretical spectrum must be corrected for the target 
respona. function and the counter re.ponse function before a mean-
ingful comparison between the theoretical and the semiempirical 
spectra can be made. As mentioned earlier in aection rf·l~ there 
is some question about the exact form of the counter responae func .. 
tiOIl that should be u.ed. In order to evaluate the different response 
functions. the theoretical spectra wel'e compared to the .emiempirical 
points for each of the three re.pon.e functions considered. The 
compari.on consbted of computing the deviation of the theoretical 
spectra from the .emiemph'ical pointe for various values of the 
level parameters!" E R • and Y!l' The cleviation computed was a 
root square deviation as delined in equation 19. 
r 
3 0 . ~i 
6 = i (0- (E) • crT (E) )ZJ • .A E = 0.1 Mev (19) 
LE=1.2 exp 
where crT i8 the theoretical spectrum. 0-Th' after being corrected 
for the reaponse function. of the ta~get and the counter. and f1 exp 
11 the .emiempirical alpha-particle spectrum. The upper graph of 
2. figure 19 iU"ltr$to. the sets of level parameters (a, Val' that cor-
respond to the mmtmwn deviation of the theoretical spectra from 
the experimental spectrum. Curves (a). (b) and (c) represent the 
set of parameters that would be associated with the counter response 
functions of figu.re Ilb. curves {U. (2) and (3) respectively. As 
stated in section Ul-l. curve (b) includes the set of parameters used 
by Hill in order to fit the elastic scattering data. The values of 6 
that correspond to these three curves vary from 11 ~ 6 ~ lO where 
the un its for 6 are given by the ordinate of flgure 14. Any theo-
retical spectrum that had. a value of 6 le.s than ZO was considered 
a good lit to the semiempirtcal spectrum. The value 6 = 20 was 
used as the definition of a good fit because the dWerence between 
the semiempil'ical values and the limits of the error bars corre8-
ponding to each value resulted in this value of 6. The Wigner limit 
for unUorm particle distribution 
(20) 
in the nucleus is given by equation 20. and is illustrated on the upper 
drawing of figure 19. 
Figure s 20 and 21 Ulustrate the shape of various theoretical 
spectra corresponding to different choice. of the level parameters 
and the counter response functions used in figure 19. The great 
Z 
simUarity between the flts for various sets of!. and Yal ie such that 
a unique value for the level parameters cannot be determined from 
this experiment alone. Oiven one of these parameters. the other 
can then be determined from the upper graph of figure 19 to within 
the accu.racy of the experiment: i. e .• to within the accuracy that 
the counter response function is known. The shape of the theoretical 
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spectra changes with the different cOWlter response functions, but 
by changina the level parameters good fita to the .emiempirical 
points could be obtained. Therefore the counter response function 
could not be determined uniquely from this experiment alone. 
The theoretical spectrum obtained by using the level parameters 
determined by Hill is illustrated in fiaure 21. The .aect of fold .. 
ing the diUerent r.sponse functiOns into this theoretical spectrum 
is illustrated by the three solid curves in the same figure. Since 
there appears to be no preference for one s.t of level parametera 
over another. the parameters determined by Hill were used, aDd 
the counter re.ponse function that gave the best approximation to 
the aemiemph:ical pointa was determined. It should be DOted that 
although the counter reaponse function &Dei the tal'get reapons. 
function were detel'mtnect s.parate1y. the experiment could not 
diatlnl"iah between the two, and only discrepanci •• between the 
pl'oduct of the r •• pon •• functions and the experiment could be de-
termined.. The respons. function of the aYltem waa split into 
two pa.rts to 'acUitat. compariaon with the known responses in the 
special cases already dbc"s.ed. 
C. Quantitative Results 
The branching ratio to the 9. 59-Mev and 9. 8S-Mev levels was 
determined by comparinc the total yield of alpha particl.s to each 
level with the total number of gamma rays monitored. The gamma 
rays were mouitored in a. Z x Z Nal crystal who.e efficiency for 
gamma-ray conversion was determined as described in aection 
lllH. The branching ratio was computed by averaging the results 
of measurementa made at three different times. The results are 
Wuetrated in Table V where the number8 inelicated under "Total" 
corre8ponel to the yield cOl'l'eoteel for solid angle. eUieiency. and 
Table V 
Run Total.Ya(9.59) Total_Y(N16) Ya(9.59)/Y(N16) 
1 6.94 • 105 4.7Z • 1010 1.47 • 10-5 
2 2.67 2.18 1.22 
3 3.49 Z.19 1.59 
Combination 13.00 9.09 (1. 4:!:,. O.Z) • 10 ·5 
gamma-ray branchinll"atio. The avera •• value of the branching 
ratio to the 9. 59-Mev levell. (1.4 ±. O.Z) • 10.5• The branching 
ratio to the 9. B4.Mev level can be obtained-by comparing the area 
uneler the theoretical curve to the area between the theoretical 
curve and the semiempirical polDt. in the region where E ~ 2.6 
Mev •• ee flgue 1.1. Thta calculation results in an upper limit for 
. 16 
the beta-elecay branchina ratio to the 9. 84-Mev level in 0 . The 
.7 branchinl ratio 1. 1 ••• than 2. 7°· 10 • 
The 101 It value to the 9. 59-Mev level has been computed 
in two different ways. ~ ODe case the ' .. value for the peak of the 
theoretical spectrum was used and in the other case a weighted 
average of the i-value. over the eneray range 1. 1. Mev ~ E ... 2.8 
Mev was used. The half.life was determined from the observed 
half life tt E~SF EAjz~nberl-peD1ove 1959) and the decay p;robabilities 
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measured above by using equation 21. 
(21) 
Tbis gave 10, ti(9. 59.) • 5.72 ±. 0.1. The value of log f which corres-
ponds to the peak of the alpha-particle spectrum is log f = O."!. 0.1 
(Evans 1955). This gave a value of log ft • 6.1 !.. 0.2. The second 
method determined a weighted average for the i-value over the theo-
reUcal spectrum according to the following relationship: 
2.8 
l; fCE) C1Th (E) 
<f> E=1. Z 
av = -z~ .... 8----- AE = 0.1 Mev 
I: C1Th (E) E=1.2 
which gave log < f> av = 0.82!. O.l. 
(22) 
After combininl this with the value of log ti' one obtained that the 
log it (9.59) • 6.5 !. O. Z. Since the theoretical spectrum of the 9.85-
Mev level is narrow, r 02 = 800 ev, the barrier penetrability and 
beta-decay phase space eaecta will not shift the peak and one can 
obtain a limit for the . lOS it value to the 9. 85-Mev level by using the 
i-value for the peak. The half-life for the level is: 
(23) 
giving log t.l. (9. 85) ~ 7.43 
iii 
and log f • - O. 2 
whence log it (9. 85) ~ 7 .. 2 :t. 0.2 
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A relationship for the strength of the parity noncon.erving 
term in the internucleon potential haa been given in equation 8. 
Z In order to determine the value of F from equation 24. one must 
determine the probabUity for alpha-particle emission. or in thie 
~ rc;r 
F = -2""";---
'aZ raw 
(2.4) 
case. an upper limit for the probabUity of alpha-particle emisaion 
from the 8. 88-Mev level. One must also determine the dimenaion-
2. less reduced width 'az. The dimensionless reduced width can be 
e.timated by comparing experimentally measured widths of iso-
topic spin zero level a in 0 16 with their computed Wigner limits. 
This compariaon i. pr~sented in Table VI. In order to determine 
Table VI. Reduced Widths of 0 16 (Lane 1960) 
Jft E(016) rob.{kev) ,2-a Reference 
1'" 9.59 6.45 0.85 (Hill 1953) 
z+ 9.85 0.75 0.0015 It 
, + 4 10.36 2.7 0.2.6 (Bittner 1954) 
0+ 11.Z5 1..480 0.76 .. 
2.+ ii.S1 79.5 0.03 It 
3- 11.6Z i,ZOO 0.73 ' . 
1- 12..45 173 0.04 II 
an average value for the reduced width one can compute the geo-
metric mean over all the ieotopic spin zero levels which gives e! =0.11. 
+ However both known spin Z levels have lower values for the reduced 
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width than the other levela. Until this has been explained theoretically. 
and it has been shown that the width of the S. SS.Mev level will not be 
+ reduced by whatever effect diminished the widths of the 2 levels. it 
+ is more conservative to use the ieometric mean of the 2 levels. 
Z This give. a value of 'a Z = 0.007. The Wi,ner limit raw is given by: 
(25) 
2 
where Yaw is given by equation 20. Using the curves for penetra-
bilities by W. T. Sharp et ale (Sharp 1955). this gives rise to a value 
-- y (S.SS) 
of ra w = 40 kev. This experiment measured the ratio of DC1yIK;;a~ __ 
aT 
where Y
aT ill the total alpha-particle yield. Since no structure was 
lIeen in the energy region of interest. only an upper limit can be 
placed on this ratio. The method ueed to determine this upper limit 
was to compute the difference between the semiempirical yield and 
the theoretical spectrum figure 21. curve Ec~ and to weight it accord-
ing to the expected spectrum shape. The expected spectrum 8hape 
is shown by the dotted eurve in figure 21. and represents a ratio of 
Ya(S,SS) -2 ' 
Y = 1. 67 • 10 • The relation8hip used to determine the upper 
aT Y a(S, 88) 
limit for the y ratio wa.: 
aT 
(26) 
where Y a (E) is the experimental yleld in the channel corresponding 
to the energy E and q(E) 11 the ratio of the height of the dotted curve 
in figure 21 at the energy E to the peak height of the eurve. This 
. -2 Ya (S.8S) 
method gives a value of 5.2 '10 for y . This ratio of 
aT 
yields can be converted to the ratio of decay probabilities by the 
following relationshlp: 
(Z7) 
where Ya(9. 59)/Y(Nl6)h the beta-decay branching ratio to the 9. 59-Mev 
level, Yy(a. aa)/Y(Nl6) i8 the branchins ratio to the 8. aa-Mev level. and 
YaT = YOt(9. 59) has been a.eumed. One must DOW eliminate the total 
decay probabUity from equation Z7, where r T ia the sum of the alpha-
particle decay probability. rQ • and the gamma-ray decay proba.bility 
ry. Since rOt« ry. we may approximate rT by ry. where ry can be 
computed using the independent particle model. Credence in the result-
ing value for r V is enhanced by the fact that the independent particle 
model haa successfully predicted the ,amm.-ray branching ratios for 
,aroma-decay from the a. aa-Mev level, and the position of the a. aa-Mev 
level. (Freeman 1951) (Wilkinson 1957). This method results in a value 
-3 . 
for r y = 10 ev. Combinm, th ••• value. in equation Z4, one obta.ins 
a limit for the tnteneity of the positive parity admixture in the S. BS-Mev 
level of: 
(Z8) 
Uncertainties in evaluatina r y and 9!z can introduce an order of magni-
tude error in the estimate of F Z in either direction. 
D. Comparison with Other Author. 
Table vn compare. the results of various authors using experi-
ments that involved the levels of interest in 0 16• 
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Table VII. Results 
Kaufmann A1burser Segel Stevens 
(Kaufmann 1961) (Alburger 1961) (Seg911961, (present) 
9. 59-M.ev level 
Thousa:Ada of 
alpha-count s 50.t 75.3 if .. 0 8 t-.::> 
beta branch • 105 (1. ZO!.O. 05) (1. 24!:,.0. 2) (0.61+0.15, (1. 4+0.2, 
log it 6.8+ O. i 6.5+0.2 
9. 8S-Mev level 
beta branch • 107 <207 
log it >7.3 >8.1 >7.l+0.2 
8. 88 .. Mev level 
. 2 
8a 2raW (kev) 0.6 to 6.0 6.7 3 0.l8 
I'y • 103 (ev) 3 l 3 1 
ra/fT·10 6 ~OK 74 ~O4 ~lK 0 ~SS 
Fl • 1011 C(1.3 to 0.13) 4liiO.7 <0. Z CZ4 
Target gas ZrN foU gas TiN on Ni 
The experiment of Kaufmann et al. appears to be the most ac-
--
curate of the four eXp4'riment8 con.idered. The reasons for this 
preference are that tbe higbest accuracy is claimed for the beta-
decay branch to the 9.59.Mev level and that the experimental cor-
rection8 to the theoretical spectrum for a gaseous target are 
smaller in magnitude than the corrections for a solid target. For 
solid targets the recent work of Alburger et ale is more accurate 
--
than the present work because of superior statistics and because no 
.. 
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correction was made to the abscissa of the data. In Alburger'lI work, 
the errors introduced in the present experiment by combining differ-
ent spectra were non-existent. The work 01 Alburger.!! !! ... like 
the present work. suffered from the inaccuracies in the determina-
tion of the proper reaponse function for analyzing the shape of the 
spectrum. Sinee the experiment of Alburger et al. was performed 
--
U8ing a self.suppol'ting foil of ZrN, approximately lZO.kev thick to 
1. 7-Mev alpha particle a , rather than the Za-kev thick target supported 
on a thick nickel backing as in the present experiment. the target 
effect correction was .omewhat reduced. The value of the branch .. 
ing ratio quoted by Segel!!.!!. is lower by a factor of two than that 
obtained by the other three authors. In the work of Segel.!!!! •• 
the contribution to the total aamma-spectrum due to the gamma-
decays in the target chamber &s distinct from the observation cham-
ber in which the alpha particles were detected, has apparently not 
been measured and appears to be a possible source of the factor of 
two dWerence between their re8ults and the results of other authors. 
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DELAYED ALPHA PARTICLES FROM FlO 
A. Experimental Procedure 
The alpha-particle decays from. the 5. 63-Mev and 5. S .. Mev ex-
cited states in Ne 20. figure 2.2., were looked for in a manner similar to 
16 that used to detect alpha particles from the excited states in 0 • The 
. 19 20 (do. p) reaction on F yields the beta-unstable nucleus F which decays 
'with a half-life of 11. 4 seconds (Wong 1954). The nearness of this decay-
time to that of N 16, 7. 3S seconds, enables one to use the identical ex .. 
perimental apparatus and procedure in both cases. In this particula.r 
2.0 -
case, since no alpha particles were obs3rved from Ne • one was able to 
check the operation of the apparatus with the N 15 (d, p) experiment in 
order to ascertain whether the null result was real or the result of some 
instrument !aUlU'e. 
The alpha-particle spectrum was observed both by using the al-
ternating gradient spectrometer and the gold-sUicon barrier counter. 
The results obtained in both cases were consistent with each other. In 
order to obtain reproducible results when using the alternating gradient 
spectrometer, it was neeessary to locate the object point very accuratel~ 
When the beam was not aligned at the object point of the spectrometer. 
, 0 
the counting rate fluctuated by &8 much as 20 10 with variations in the po-
sition of the beam spot on the target. By positioning the incident beam at 
the object point of the spectrometer, the variations in counting rate were 
reduced because the rate of change o! cOWlting-rate with P' sition becomes 
small at this point. The object point was determined in the following 
manner. By varying the position of the beam defining sUts at the en-
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trance to the target chamber in the vertical direction. a plot of counting-
rate versus beam position was made, where the position of the beam was 
located by using a, small optical telescope mounted on the spectrometer. 
The target angle was w = .. 450 for this measurement. Then the beam 
, was returned to the position where maximum counting rate was observed. 
and the target angle changed to w :a: -ZOo. At this target angle the beam 
was moved horiZontally by the beam defining slits at the entrance to the 
target chamber. The spectrometer entrance slit was adjusted for maxi-
mum yield for each setting of the beam defining sUts. This yield was 
then plotted aa a function ot target position in order to determine the 10-
cation of. maximum yield along the beam direction. Finally the target 
angle was changed to w = .. 800 and the counting rate was recorded a.s a 
function of distance from the face of the magnet. Typical curves of the 
counting-rate variations in the target chamber are shown in figure 23. 
It is clear from this figure that the target chamber axis needed to be 
moved away from the magnet. 
The calibration of the incident beam was accomplished using the 
10 13 B (a. p y)C reaction at Ea:ll: 1.78 Mev. Alpha particles were then 
scattered from a gold l:iank and the alternating gradient spectrometer was 
calibrated from the position of the scattered alpha-particle step. The 
alpha particles were detected at the image point of the spectrometer by a. 
thin CsI crystal which was thick enough to stop 1. 5-Mev protons. The 
thickness was approximately O. 5 mUse The Cal crystal waa mounted on 
a quartz disc with Eastman 910. adhesive and the quartz disc was in turn 
mounted on a Dumont 6291 phototube with Dow Corning ZOO Fluid 106 cs 
silicone grease. The phototube was followed by a preamplifier. ampli-
fier, and a ten-channel pulse height analyzer. This detection system was 
calibrated by scattering alpha. particles of known energy through the 
spectrometer and observing their pulse-height as a. function of the photo .. 
multiplier voltag~ and the amplifier gain. The results are shown in fig-
ure Z4. They allowed one to choose the photomultiplier voltage and the 
amplifier gain Bueh that the centroid of the energy spectrum would ap-
pear in the center channel of the pulse height analYMr. Alpha particles 
.from the 5. 63 .. Mev (3-) level would have 700 kev energy. They can be 
expected to lose on the average 80 kev while escaping from the CaF Z 
20 target surface and the copper backing. into which the F recolled due to 
the F 19(d.p) reaction. In order to observe as much of the spectrum as 
possible the magnet wu set for 620-kev He + nuclei with the poorest reso-
lution possible .6p/p:: 12% • The photomultiplier high voltage used was 
1080 volts, and the fine attenuator was set at 40, according to figure Z4. 
Since the expected yield of alpha particles was very smaU,the 
target should be stable to large beams. The target shotti also be thick 
enough to produce a rea80nable yield yet thin enough that the spectrome-
ter' when used with the poorest resolution. would caver the major part 
of the energy spectrum. Since the alpha particles had to escape from 
the target surface, it was necessary to hold the surface contamination to 
a minimum during the experiment. Alpha-particle spectra are known to 
be severely affected by irregularities in surface structure, therefore it 
was necessary to have an extremely smooth target. In order to satisfy 
the above requirements the following target-maldng technique was pur-
sued. CaF 2 was cho8en as the target material. This mater1a.l has the 
undesirable characteristic of being unstable at 13000 C and of being non-
conducting. For cooling purposes, a copper sheet wa.s used for backing. 
and the sheet was lapped and buffed in. order to obtain a smooth surface 
for the CaF 2. The CaF 2 waa then evaporated onto the polished copper 
backing in a vacuum system. By choosing the proper amount of material 
a thicknese which was conaistent with most of the above requirements 
was obtained. Because of the instabUity of the CaF Z. the target could 
not be run at temperatures high enough to keep carbon from depositing on 
the surface. The ra.te of depoeition of carbon on the surface was meas-
ured by obeerving the shift of the elastically scattered alpha particles 
from the CaF Z surface. The rate of deposition was such that after 300 IJ. 
coulombe of charge had struck the target, the surface layer of carbon was 
ZO-kev thick to 1. O-Mev protons. In order to circumvent this carbon 
build-up the obvious solution of moving from one target spot to another 
after bombardment by 300 IJ. coulombs was incorporated in the experi-
mental procedure. 
Since many targets would be used, it was necessary to provide 
several targets of aimUar thickness that were uniformly thick over the 
individual targets. This control wa.s accomplished by measuring the dis-
placement of the proton step, scattered from the bacldng material, due to 
the layer of CaFZ on the surface. A prome of a 50-kev thick target is 
shown in figure 25. The normal target thickness used was 20 key to 1-
Mev protons. This corresponded to IZO-kev energy loss for 0.7-Mev 
alpha particles at w = _200 • 
The experiment was conducted in a. manner simUar to that of the 
15 N (d, p) experiment. The target was bomba.rded; the electrostatic a.c-
celerator was turned off; the counters were activated for 11 seconds; and 
the" the cycle was repeated. Alter 300 IJ. coulombs the counts were re .. 
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corded and a background run (aa described below) was taken for a com-
parable amount of charge. The target was then moved to a new spot and 
the procedure repeated. The pulse height spectra obtained are illus .. 
trated in fipre 26 where the spectra appear to be mainly those of 
photomultiplier noise. There is a conslatently high reading of the low 
energy spectrum duriDg the runs compared to the low energy 'pectrum 
during the background checks. The background run was obtained by 
inserting a O. 008-mm-thick aluminum foU in front of the CsI cryatal 
and then proceeding with the usual counting cycle. The difference in 
counts may be attributable to scattered li,ht from the fiuorescent tar-
get reaching the Cal crystal. The background counting rate was aen-
aitive to the amoWlt of light in the room and the targ.t chamber waa 
always enclosed in a black cloth dUl'ing !'Una. It waa also noted that 
the background could be decreased by about a lactor of two by not 
~l forming F • This contribution to the back,round was probably due 
to scattered neutrons or electrons. 
In ol'der to obtain a limit for the log ft value lor beta-decay to 
the 5. 63-Mev and 5. 80-Mev levels, .s.umiq that they can alpha-
decay, one must know the total number of F ZO that were formed. 
Since approximately 100% of the F ZO nuclei beta-decay to the 1. 6-Mev 
level which subsequently decays by a 1. 6-Mev gamma ray, it is pos-
ZO 
sible to determine the F activity by monitoring the gamma-decay 
~l 
of the 1. 6-Mev level of Ne • In order to observe the delayed gamma-
radi~tion a plastic scintillator was uaed. The p1aatic acintillator 
was placed at 900 to the,beam axis in the plane defined by the incident 
beam and the spectrometer trajectory, at a distance of fifteen inches 
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from the target. The plastic sc:intUlator was a cylinder 1.7 mchee in di-
ameter, and o. 68 lnches thick, mounted on a Dumont 6292 photomultipliello 
Both the soUd a:n.g1e of the spectrometer and the solid angle of the plastic 
scintUlator were 0.01 ateradia.ns. The efficiency for the plastic scintU-
laoo1'. excluding solid angle corrections, was taken equal to 10 0/0, and 
was obtained from the attenuation coefficients in the tables of G. White 
{White 195Z} by assuming that the ga.mma .. ray spectrum could be extra .. 
polated horizontally to zero energy. A typical ga.mma-ray spectrum with 
monitor scaler bias Is shown in figure Z7, where the bias is indicated by 
the dashed line. 
B. Results 
A limit for the log it value to the state at 5. 63 Mev can be com-
puted using t..'le following relationship: 
ZO y 
log it ta: log f + log [ tl. (F ) YJ:. 1 
2 a 
(Z9) 
where log f is obtained for beta-particles witJ.i. a maximum energy of 
1.4Z Mev from- the tables of Feenberg and Trigg (Feenberg 1950); log f = 
1. 3 + O. 1. Y is the total yield of. gamma-ra.ys alter correcting for 
- y 
counter efficiency and solid angle. t 1 (FZO) is the experimentally deter-
a-
ZO 
mined half-IUe o£ F ; given by Wong (Wong 1954) as 11.4 seconds. yO! 
is the total yield of alpha particles, after correcting for charge exchange; 
where the limit for the total number of alpha. particles was chosen as the 
clJ.f!erence in counts between the apectrun"l and the background above the 
twenty volt. bia.s, figure 26. By combining the histograms of the two 
runs, a difference of Y = 18 .:t 11 was obtained. Although the error is 
-58· 
small enough to indicate that Y represents a value rather than a limit, 
it is believed that the difference could be attributed to some process 
8uch as phosphorescence of the target. In determining Y
a
, a value for 
the charge exchange ratio He+ /He of t has been used, and a factor of 
two has been included in order to account for the fact that the momentum 
window of the spectrometer admits only half of the spectrum. Using 
Y = 4Y, and Y = 3.1 . 107 , one obtains a lower limit for the log ft to a y 
the 5. 63-Mev level of: 
log ft ~ 8. 0 .::. o. 5 
The error is determined by the inaccuracies in evaluating the efficiency of 
the gamma-monitor and by the unknown fraction of counts that could be at-
tributed to the 5. 80.Mev level. The theoretical spectrum shown in figure 
26 was obtained by using the energy calibration indicated in figure 24, the 
meaaured momentum re8olution of the alternating gradient spectrometer 
of 12%. and the electronic and Cal coun tel' resolution of 14%. This gives 
an overall energy re solution of 2.8 % which is indicated by the breadth of the 
theoretical spectrum. Because the identical procedure was used succes.-
fully to diacover the 1. 7 -Mev alpha particles from the 9. 59-Mev level in 0 16 , 
it was felt that the value of the log ft~UK 02:.0. 5 repreaented a reliable meas-
urement. 
The experiment was later performed by substituting a solid 
state detector for the magnetic spectrometer, and a two-inch cyl-
incl'ical NaI crystal for the plastic gamma-ray monitor. A pronounced low 
energy tail was observed in the alpha-particle spectrum due tothe large 
nux of beta-decays to the 1. 6-Mev level. See figure 28. This made 
observation of the pos.ibie alpha particles e:h.1:remely difficult, 
because the energy region where alpha particles were anticipated 
coincided with the tail of the beta-particle spectrum. 
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In order to obtain an estimate of the log ft for decay to the two excited 
states, assuming alpha.-decay &8 the mode of deexcitation. it was nece ... 
. 
sary to compute the spectrum shape of each level. This was done using 
the Breit-Wigner formalism with penetration factor. obtained from the 
Chalk River wor1, of Sharp, Gove and Paul (Sharp 1955), and the bet&-
decay phase ... spa.ce corrections from the graphs of Feenberg and Trigg 
(l;<"'eenberg 1950). The spins and parities used were those stated by Chalk 
Z . 
River (Chalk River 1961) and a reduced with 01. 'V = 100 kev, roughly 0.2 
of the Wigner limit was arbitrarily chosen. It wa.s then assumed that the 
effects of the target and alpha-counter on the spectrum could be approxi-
mated by the response functions \Uled for analysis of the alpha .. particle 
spectrum from 0 16• These response functions were folded into the theo-
retical cross ... sections in order to obtain the expected spectrum. The up-
per limit on the number 01. alpha. particles was defined as the sum of the 
square roots of the number of counts in each channel, where the summa-
tion was evaluated ~t the channels contained between the half-height 
points of the theoretical spectrum. The results of this calculation give 
82 probable count. to the 5. 63-Mev level and 31 probable counts to the 
5. SO-Mev level. These correspond to log ft values of: 
log it(5. 63 Mev) ~ 7.8 + o. :3 
log ft(5. 80 Mev) ~ 8.0 + O. :3 • 
When the alternating gradient sPectrometer was used. only alpha 
particles from the 5. 63-Mev region were observed; however, the low 
energy taU of the 5. SO-Mev level should have been observed in this re-
gion. This would have amounted to 10 % of the total spectrum from the 
above assumed theoretical calcula.tions. Since a. value of log ft ~ 8. 0+0.5 
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was obtained for the S. 63-Mev level, a value of log £t ~ 7.0.! 0.7 would 
fQllow for the 5. SO-Mev level. The error has been a.rbitrarily increased 
to take into account the unknown spectrum shape. 
U the levela are populated by beta-decay and decay by gamma-
radiation rather than particle emisslon. the above calculated log ft values 
would merely attest to the fact that the spin and parlty of the states did 
not allow alpha-particle emission. In order to establish a value or limit 
for the log ft to any given su., all possible modes of decay must be In-
vestigated. Kavanagh (Kavanagh 1958) has investigated y-y and {3-y co .. 
. 20 20-incidences from the F (13 )Ne reaction in the energy region of inter-
est. The {3-y coincidence work could not be applied to the 5-Mev levels 
because the diecriminator bias on the beta-counter was too high to count 
ZO beta rays with energies as low aa those leaving Ne in the 5 .. Mev levela. 
For the y-y coincidence to be applicable the 5-Mev levels must deexcite 
by a cascade through the 1. 6-Mev level. Because of the isotopic selec-
tion rule on El radiation in self-conjugate nuclei, the decay of the 5. 80 ... 
Mev level to the ground state will be inhibited compared to EZ decay to 
the first excited level. Decay of the 5. 63-Mev level directly to the 
ground state will be inhibited by the high multipolarity of the radiation 
required. Assuming that these two levels cascade through the 1.63. 
+ Mev (Z ) level. one can obtain limits on the log ft from y-y coincidences 
as follows: 
log ft (5. 63) ~ 6. 5 + O. 2 
log ft (5. 80) ~ 6.6 + O. 2 • 
The large limits obtained for the log ft value indicate that the 
beta .. decay h probably at least first forbidden. a conclusion which is 
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conslstent with the spin and parity assignments of the levels concerned. 
Since the spin and parity of the 5. 63-Mev and 5. 80-Mev levels are such 
that alpha-particle emission is possible, the levels will decay preferen-
tially by particle emission. The limits for beta-decay can then be ob-
tained from the alpha-particle experiment and the best limits obtained in 
these experiments are given below. 
log ft (5. 63) ~ 8.0 + 0.5 page 58 
log it (5. 80) ~ 8.0 + O. 3 page 59 
APPENDIX I 
Alpha-Particle Half-Life Determination 
The calculation of the lifetime of the alpha pa,rticles was ac-
complished with the timing illustrated in the last two lines of figure 7. 
One assumes, for this calculation. that the beam intensity is nearly 
constant throughout the measurement and that it strikes the target for 
the same length of time during each cycle. This implies that the activity 
of the target is the same at the beginning of each counting period, or 
that the number of cycles is sufficiently large to average out any effects 
due to va.rying target activities. If the number of N 16 formed at time 
t llt 0 is given by A .• then the number remaining after a time twill 
J 
-t~ 16 be given by A. e where ~ is the decay rate for N • The number 
J 
of decays counted in the fast 8caler after one cycle will be given by. 
C A .(e -t1 \ -e -tO~ + C B KE~ts .. T)A -e KE~-qF4 ) 
o J 0 J (30) 
where B j represents the activity at t * T for the' second half of the 
cycle, and Co is a constant ot proportionality depending on the geometry 
of the counter. The total number of counts in the fast scaler Nf is 
given by the sum of the above expression over all j cycles. 
(31) 
~SP-
A similar expression results for the number of counts in the slow 
scaler N • 
s 
(32) 
By making use of the a.bove assumption one can equate Aj to B j' and 
then the ratio, R. of counts in the fast scaler to counts in the slow 
scaler is given by. 
Nf R c-: N 
s 
-t X -t ~ -(t ... T)A 1 2 5 
e -e + e 
-t ~ ... t A ... (t -T)A 3 4 7 
e -e + • 
-e (33) 
The values of ti were obtain,ed by ating a 60 cycle pulser with the 
switching circuit. The following values resul.ted. 
Table VIII t, 
1 
tl 1. 05 sec t -T 5 1.00 sec 
t2 7.15 t6 -T 7.20 
t3 6.75 t -T 7 6.92 
t4 12.28 tS·T 12.55 
The above equation for R can be solved graphically by substituting 
different values of A and obtaining corresponding values for R. A 
curve can then be plotted of log R versus A which is nea.rly a straight 
Hne over the range of 0.0 < A < 0.4. The experimentally determined 
- -
value of R is 
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Rzl.83+0.1Z. 
From the graph of log R versus ~ one obtains a value for ).. which 
when converted to halloolife givee t 1 == 7.3 + 0.7 seconds, which agrees 
'2 -
well with the values quoted by (Blewer 1947) of tl =: 7.35 + 0.05 seconds. 
2' -
and (Martin 1954) of 7.38 !. 0.05 seconds •. 
-65 .. 
APPENDIX II 
Calculation of the Target Response Function 
14 2,1 . 
The range of N in Al has been measured by D. Powers 
(Powers 196Z) and is presented in the second column of Table IX. In 
14 .58 
order to convert these range measurements to the case of N in N1 
equation 34 was used. Equation 34 is a.pplicable for M 1 < M Z. 
<R> a 
av 
and € is given by 
0.68· 
Z Z 
M Z (z 3 + Z "3) E 
Z 1 Z 1 
Z 1 Z Z (M 1 + M Z) 
(34) 
(35) 
By sUbstituting the proper value. into equations 34 and. 35. one obtains 
the range a.t a constant energy by the following relationship. 
<R(Ni» c Z. 031 
<R(Al» 
At constant energy 
14 The range was reduced by 6. Z% to transform the range for N to th'e 
16 . 
range for N • The factor of 6. Zey. was also obtained from equations 
34 and 35. The corrected ranges are given in the third column of 
Table IX. 
Table IX 
N energy <R(A127» <oEkiR~1 ptragglin~ 
-2 kev P:I' cm eS' cm ti' cm-
50 31 + 10 59 41 
100 75 + 8 142 25 
200 116 + 13 Z21 4S 
300 IS8 + 1" 300 61 
400 201 + 15 381 46 
SOO 221 + 17 419 58 
When the N 16 nuclei recoil, their distribution will be symmetric 
about the beam axis and can be determined from the reaction dyna.mics 
and the above stated range-energy relationship. Let us define the dis-
tance along the beam axis as the z direction and the origin of the 
coordinate system will be the point of interaction.' p{z) then describes 
the distance of the N 16 recoil from the beam axis. From the reaction 
dynamics one obtains the energy of the N 16 recoil for a given value 
of recoil angle r.. and by combining this energy with the range-energy 
relationship the position 01. the stopped N 16 can be obtained where: 
p(z). <R> sin {. (36) 
This determines a surface of revolution which contains all the N 16 
recoils. Of cour.e. one will obtain four different surfaces. one for each 
. of the different levels involved in the reaction. These four surfaces are 
then averaged to give one common surface. This average was a weighted 
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average computed for constant z. and the values of p(z) were weighted 
16 
according to the number of N recoils present on each surface. 
In order to perform this average one must know the density of 
N 16 nuclei along each of the surfaces. N(e).· The (d. p) stripping 
reactions to the ground state and the first three excited states of N l6 
\ 
bave been studied by Zimmerman (Zimmerman 1968). The relationship 
used to convert from the center-of-mass system to the laboratory system 
is given in equation 37. where (J is the angle of the light particle in the 
(37) 
center-of-mass system. , is the angle of the heavy particle in the 
laboratory system. a.nd CT represents the respective cross-sections. 
This is then converted to the density of particles along the beam direc-
don. N(z), according to ectuation S8: 
N(z): 211 o{') ~ sin {. (38) 
N(z) is presented in Table X for the four levels involved in the inter-
action. The Bum of N(z) for the four levels is also presented. The 
16 
va.lue. for the sum of the N densities and the weighted average of 
p(z) were used to determine the distribution of N16 nuclei at a constant 
depth L' cos w where L is the distance the a.lpha particle must travel 
in the target before escaping and being counted in the Bolid-state counter. 
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Table X. 
. 16 
N(z) for different levels in N 
£(N16) 0.00 0.119 0.295 0.392 2N{z) 
-2 
. z(ttS· em ) E 
25 0 140 (7) (600) 747 
SO 12 SO 18 300 380 
75 28 7 50 65 150 
100 '2.7 7 62 IS III 
150 23 18 42 37 120 
ZOO 17 18 25 52 11 Z 
250 13 14 IS 47 89 
300 11 10 9 38 68 
350 12 7 9 1.7 55 
400 IS 3 11 17 46 
450 16 2 15 6 39 
500 18 ( 0) ( 19) ( 0) 37 
L ::I Z tan w + p(z) cos 'V (39) 
'V is the angle that pta) makes with the scattering plane, such that 
when "y • 0·. p(z) lie. in the scattering plane and is directed away 
from the alpha-particle counter. 
16 
The density of N on the surface of revolution, N(s), was 
determined by dividing N(z)ds by the area of a circular strip with 
radius p(z), equation 40. This surface density was then projected 
N(s) • ~ (40) 
onto the scattering plane where N(p) is the density in the plane. This 
density was integrated along the • variable for a constant value of L 
N(p) :I Z N(e) 
sin 'i 
(41) 
wbere the constraint on z is given by equation 39. By using equation 
39. p(z) lin '( can be replaced. and the integral over z becomes: 
. N(L) N(z) dz I (42) 
Z 2 2 
1f [p ..(L .. II tan w) 1 
where N(L) is the linear denSity as a function of L, atld zl and z2 
are given by the following expressions: 
Z II 
1 
tanw 
This integral was then evaluated using Weddle's six-point rule in order 
to obtain the densi ty of N16 nuclei as a function of the distance traversed 
in the target before reaching the solid-state counter. This dependence 
is given in Table Xl for a target angle w. IS-. The straggling was 
taken into account by folding a gaussian function with a SO r'S' cm-2 
width at balf-height into the calculated distribution. The distribution of 
N16 nuclei was converted to an energy loss spectrum for a monoenergetic 
alpha-particle source with E • 1. 65 Mev. The values of L were 
(1 
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converted to alpha-partide energy lost. by assuming that the stopping 
power was nearly constant over the region of interest and was given by 
Z 
em -kev 
E • 0.82. • The resultant response function is shown in figure iJ.g 
12&. 
Table XI 
Lll:!:l-cm -~ k~i~ 
0 2.76 
10 2.56 
ZO 2.63 
30 2.52. 
40 Z06 
65 150 
90 12.6 
115 99 
140 98 
165 96 
190 81 
215 74 
240 61 
250 62. 
Figure 1. 12 Energy levels of C 
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11 12 . The B (d. p) reaction produces B nuclet at an energy 
E II/! 1.8 Mev with a cross-aection of 290 millibarns (Cook 1957a) d 
which then beta-decay to various excited states in C 12 as indicated 
in figure 1. The states of interest in thi s experiment are the 7.656 .. 
Mev and 10. I-Mev states. Both of these states alpha-decay either 
by passing through Be8 ~ it. two body decay or by breaking up di-
rectly in a three body decay. The energy spectrum of the alpha 
particles from these two states is illustrated in figure 3. The spec-
trum varies from zero up to 1.8 Mev, and has been successfully 
described by Cook as a eerie. of two body decays. 
-71-
Figure I 
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16 Figure 4. Energy levels of 0 
-74a-
N16 beta-decays from its ground state to various levels in 
16 o with the branching ratios indicated 1n figure 4. The excited 
levels of interest are the 9. 85.Mev (z+) level. the 9. 59-Mev (1-) level 
and the 8. S8.Mev (Z .. ) level. The first two are allowed to alpha-decay 
to C lZ while the last is not. Heretolore the first two levels were not 
known to be populated by the beta-decay process. Alpha particles 
from the 9. 59-Mev level were observed. figure Zl, with a peak 
energy of 1. 69 Mev in the laboratory system. The shift 1n energy of 
the spectrum's peak from the value obtained from the reaction 
dynamics was consistent with the theoretical shift induced by pene-
tration factors, beta-decay phase-space, target geometry, and 
solid-state counter effects as discussed 1n sections ID-I and IV -A. B. 
The 8.88-Mev level is forbidden by spin and parity to emit alpha 
particles. The absenee of alpha particles from this level givee rise 
to a limit on the positive-parity admixture in the 8. SS-Mev level. 
and thus a limit on the magnitude of the parity non-conserving term 
in the nuclear potential. 
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Figure 10. Monitor gamma-ray spectrum 
This flgure displays the gamma-ray spectrum whicb was 
uBed to determine the total number of beta-decays that occurred 
during the counting period. The branching ratio of the beta-decay 
to the 7.1Z .. Mev and 6.13-Mev levela in 0 16 was given by Ajzenberg-
Selov. and Lauritsen (Ajzenberg-5elove 1(59). and thus by working 
backwards one can obtain the N16 activity during the counting cycle. 
The bias of the monitor scaler is shown on the drawing. The gamma 
rays were counted in a cylindrical Z x Z inch Nal crystal that had a 
1.5.ineh.thick carbon absorber interposed between the source and 
the crystal in order to stop the beta particles. The efficiency of 
. . 19 16 . 
the monitor counter was determined using the F (p. a. -V)O reaction 
with the same geometry that was used in the k1SEfPFllS~ ell .. He 4 
ex~rimentK The measured efficiency was l~ Z4%. See section Ill-H. 
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Figure 12. Response functions used in analyzing the data 
The response function due to the energy loss of alpha par-
tides escaping from the target for a delta-function alpha-particle 
SOurce at 1. 6S Mev is illustrated in figure lla. This response func-
tion was calculated from the reaction dynamics of the N 1S (d,p) re-
action. The differential cross-section. range. and straggling were all 
taken into account. The computation leads to a density of alpha par-
tides originating from a given depth in the target which can be con-
verted to an energy 108s spectrum after the alpha parti.des escape 
from the target. This calculation is illustrated in Appendix Il. 
is The effect on the target response function of the N dis-
tribution in the target has not been taken into account. This distri-
bution would affect the total response function similarly to the arti-
ficiallow energy plateau included in figure Ilb. curve (l), and would 
result in a better value for the upper limit of 11'2. 
In order to determine what effect the target chamber 
geometry had on the alpha-particle pulse-height spectrum. the solid-
state counter was exposed to alpha particles ot the same energy both 
inside and away from the target chamber. The pulse-height spectrum 
inside the target chamber was obtained by observing alpha particles 
s.cattered at IJI :lit 90· J and (a) ~ -4S- through a thin self-supporting piece 
of gold leaf. This gave rise to the curve illustrated by figure Ilb. 
curve (1). The counter was then exposed to a group of particles at 
the image point of the alternating gradient spectrometer. This 
spectrum is illustrated by the circles in ligure Ilb. See section UI-I. 
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Figure 13. Experimental alpha-particle yield 
The spectrum shown in this figure is the uncorrected 
data from one day's run. The spectrum was accumulated on a 
lOO-channel pulse-height analyzer. No corrections have been made 
to either the abscissa or the ordinate. The background, indicated 
by the open circles. was determined by placing a O.0064-mm 
aluminum foil over the entrance aperture of the soUd-state counter 
and is due primarily to 10 ... Mev and 4-Mev beta-particle pile-up. 
The gamma-ray monitor (figure 10) recorded a corresponding total 
7 . 
of Z.9·10 counts during this run. Table V. run 3. 
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Figure 13 
Yield of alpha particles from the 9.59-Mev 
excited state in CI2 
• Alpha - spectrum 
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Figure 14. Corrected experimental data points 
The curve consists 01 the semi-empirical values used 
in the computer program which evaluated the difference between 
the different theoretical curves and the semi-empirical values. By 
"semi-empirical values." the fact is emphasized that the values 
used wctre those of a curve that bad been drawn through the ob-
served data points. The ordinate of the data points has been cor-
rected for the beta-particle background, and the abscissa has been 
corrected for amplifier ga.in changes between runs. These correc-
tions were made belo,re combining data accumula.ted on different 
days. The combined yield has been normalized to a peak height 
of 100 in arbitrary un! ta. The integrated yield corresponds to 
8465 actual counts. and a gamma-ray monitor total of 1. Z.108 
counts. 
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Figure 15. Beta-decay phase-space considerations 
This graph illustrate' the energy depenclence of the beta-
decay process. It can readily be deduced from the graph that the 
population of: the high energy relion 01. the broad 9. 59-Mev level 
will be less than that of the low energy region. This effect tends 
to shift the maximum particle yield to lower energy values than 
would be expected from a simple analysis of the reaction dynamiCS. 
The functi.on plotted in figure 15 is the Fermi Integral 
Function, A(E) • which is related to the beta-decay probability, Ao' 
,pi 2 
by the following expression. >. • A(E) where,. is a o ,. 0 
o 
characteristic time. and P is the beta decay matrix element. 
The matrix element has been as.umed to equal unity over the broad 
level. The plotted values of >'(E) were obtained by integrating the 
Fermi Function feZ,,,,) given in Fane's table (Fano 1952). as 
described in section IV -A. 
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Figure 16. Variation of the theoretical alpha-particle spectrum 
shape wi tb changin~ interaction radius !. 
The dependence of the spectrum shape on the interaction 
radius, a , ie illustrated for the particular set of values I. • 1, 
-Z . 
'Va.l • 0.6 Mev. and ER • Z.43 Mev. The theoretical expression 
used was the usual Breit-Wigner resonance formula with the beta .. 
decay phase-space factor ME) included: 
a(E) 
A(E) r al(E) 
~-D--------------~r~~~E~b~F 
(E- Aa..f(E)-E o.I)Z + 4 
where E 0.1. is defined such that at loesonanee 
It can b. seen from the illustration that changing the 
interaction radius varies the width of the resultant spectrum and 
shifts the energy at which the maximum yield occurs. The aym-
metry properties of the spectrum are also affected by the inter-
action radius. For further discussion of the mathematical re-
lationships. see section IV -B. 
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Variation of theoretical alpha-spectrum shape with 
changing interaction radius a 
.i = 
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Figure 17. Variation of the theoretical alpha .. particle spectrum 
shape with change. in the resonance energy 
The dependence of the spectrum shape on choices of 
the resonance energy is illustrated in this graph for the following 
Z 
't • 0.6 0.1 selection of parameters: j C 1. a • 5.43 fermi, and 
-
Mev. The theoretical expression used is given in the argument 
for figure 16. 
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Figure 17 
Variation of theoretical alpha-spectrum shape with 
changing resonance energy ER 
.I, = 
a = 5.43 fermi 
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Figure 18. Variation of the theoretical a.lpha-particle spectrum 
shape with changes in the reduced width 
The dependence of the theoretical'spectrum shape on 
variations in the reduced width ie illustrated in figure 18. The 
parameters chosen were, lei. ER • Z.43 Mev. and !.. 5.43 
fermi. The theoretical expression used is given in the discussion 
of figure 16. 
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Figure 19. Effect of the counter response function on the 
theoretical spectra 
The upper graph illustrates the variation of the level 
parameters that is necessa.ry to maintain a good fit between the 
semi-empirical points and the theoretical spectra when different 
counter response functions are used. Curve. (a), (b). and (c) 
correspond to the response functions illustrated in figure lZb. 
curves (1), (2), and (3). respectively. This experiment excludes 
. values of the level parameters that lie above curve {c}. The most 
probable values for the level parameters are those which lie to 
the left of the Wianer Limit a.nd between curves (a) and (c). 
The lower family of curves shows the variation of the 
level shift Aa.l as a function of the center of mass energy for 
various values of the interaction radius a. 
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20 Figure 22. Energy levels of Ne 
-92a-
FlO was formed by the Vl9(d. p) reaction using 1.8-
Mev deuterons, where the cross-section is about 45 millibarns 
(Jarmie 1957). FlO is known to beta-decay almost entirely to the 
first excited state of NelO which deexcites by the emission of a 
1. 6-Mev gamma-ray to the ground state. The beta-particle 
branches of interest in this experiment are those to the 5.63-Mev 
and 5. 8-Mev levels. The levels have spin and parity assignments 
of 3 - and 1- respectively according to the results of the Chalk 
River Tandem Accelerator Group (Chalk River 1961). The results 
from this experiment and an experiment by R. W. Kavanagh (Kava-
nagh 1958) indicate that the beta-decay is at least first forbidden. 
This is consistent with a spin and parity assignment for either level 
of 1- or 3- which agrees well with the results of Chalk River. 
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Figure 23. The object position for the alternating gradient spec-
trometer, 
In order to obtain results that are reasonably insensitive 
to variation of the beam position. it is desirable to determine the 
position in space at which the maximum yield occurs and to arrange 
80me method of returning the beam to this poshion. The method 
used to fix the beam position is identical to the method described by 
Cook (Cook 1957a) and consists of locating the beam spot by means 
of a telescope mounted on the spectrometer. The position of maxi-
mum yield was determined by varying the beam position and record-
ing the dependence of the counting rate at the image pOint as a func-
tion of the object position. The position of maximum yield in the 
vertical direction was first obtained and then the curves illustrated 
in figure 24 for different positione in the horizontal plane were ob .. 
tained. For target angles of w •• 80-. -45-. and -20·, the yield 
plotted corresponds to the observed yield less a constant value which 
is given by y. (I-x) ,where Y is the peak yield and x is the {rac-
p p 
tion indicated on the graph. O. Zl. 0.33. and 0.20. The yield is plot-
ted perpendicularly to the target angle. The position of maximum 
yield can be seen to lie approximately 1/20 of an inch to the right of 
the target axis, which is indicated by the inter.ection of the three 
target angles. The beam was located optically to coincide with this 
poSition of maximum yield each day before accumulating data. 
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Figure 23 
Yield as a function of target position 
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Figure 26. Pulse-height spectrum of alpha particles from the 
20 
. 5. 63 ... Mev energy region of Ne 
The upper curve was taken with the lower level bias set 
at twenty volts. and the peak of alpha-partide spectrum was ex-
pected to appear with a pulse height of thirty-two volts. The lower 
spectrum wa~ obtained by decreasing the lower level by four chan-
nels or ten volts. This illustrates the background in the experiment 
most of which is due to either electronic noise. 5. 4-Mev beta par-
tide., or phosphorescence. Both histograms are plotted to the 
same abscissa. In order to determine the lower limit for the log ft. 
the difference between the background and the real counts was used. 
This difference was then multiplied by two in order to account for 
the fact that the momentum window of the spectrometer admi ts 
only half of the spectrum. and by two to account for the charge-
exchange effect. 
. 5 
The monitor counter recorded 9.4· 10 counts 
-3 5 during the 7· 10 coulomb run and 5.4· 10 counts during the 
-3 3· 10 coulomb run. 
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Figure 26 
AI pha- particle yield from the 5.63-Mev region in Ne20 when 
that level is supposedly populated by beta- decay from F20 
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2.0· Figure 2.7. The gamma-ray spectrum from Ne 
In order to determine the log it for beta-decay to the 5.63-
Mev and S. SO-Mev levels, it is necessary to know how many F ZO 
nuclei decayed during the period of observation of the alpha particles. 
Since the beta-decay procee"ds almost entirely to the first excited 
ZO . 
state of Ne • it is sufficient to observe the number of gamma decays 
from this state during the counting cycle, and then to determine the 
branching ratio and log ft from this number. The gamma-ray spec-
trum as observed in a 1. 7.inch.diameter plastic scintillator is dis-
played in figure 27. The bias ehown is the lower level for the scaler 
that monitored. the gamma rays. The efficiency for this arrangement 
was calculated from the tables of G. R. White (White 1952.) (Orod-
stein 1957) as 0.0036'0, where the solid angle and counter bias have 
been included. The solid anile was 0.01 steradians,and the bias 
introduced a factor of two increase in the number of gamma rays. 
The factor of two was obtained by extrapolating the recorded spec-
trum to zero gamma-ray energy with a horizontal Une passing 
through the intercept of the spectrum and the bias setting. This a8-
sumption may be in errol' by a {actor of two and the error has been 
included in the error of the log ft values. 
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Figure 27 
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Figure ZS. The pulse-height spectrum from the solid-state 
counter 
The spectrum shown indicates the experimental data as 
points and the beta-particle sJHlctrum and background as the 
'dashed curve. The dashed curve was obtained by placing a 0.0064-
mm aluminum foil in front of the solid-state counter and recording 
the spectrum for the same number of monitor counts as were 
recorded during the runs without the foil. The displayed spectrum 
was obtained with a. solid angle of 0.039 ateradians. While the spec-
6 trum was being accumulated, the monitor scaler recorded 4.5·10 
counts. in a Z-inch-diameter Nal crystal with a solid angle of 
O.IZ7 steradians. a crystal efficiency of 36'., and a bias such that 
only the photo-peak was counted. 
The predicted shape and position of the yield of alpha 
particles from the 5. 63 .. Mev and S.8-Mev levels (taken as the 
upper limit of detectability in the present experiment) is plotted 
to scale along the abscissa in the upper part of figure Z8. 
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